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This invention is the discovery of a family of genes encoding small-conductance calcium 
activated potassium channels (SK). As noted in the specification, these genes are useful for 
making screening assays to identify modulators of these ion channels. 

During the interview, the Examiner acknowledged these facts and did not dispute their 
correctness. However, he maintained his position on the utility rejection clarifying two issues of 
concern. First, the Examiner alleged that there was no known therapeutic utility associated with 
the SK channels and second, there was concern that not all the members of the gene family 
would have the same utility. 

In response, applicants urge that the small-conductance calcium-activated potassium 
channels are known to play a role in memory and learning and that the family members are so 
homologous in structure that they can be used interchangeably in the screening assays described 
in the specification. 

The Small-Conductance Calcium-Activated Potassium Chann els are Known To Play A Role 
in Memory and Learning 

On page 5, lines 9-1 1 of the specification, applicants generally state that there is a need to 
develop assays which modulate the SK and IK channels for a variety of uses. Among the stated 
uses are "memory and learning." A specific teaching is found on page 12, lines 15-18 where 
applicants teach, 

Since SK channels underlie the slow component of the afterhyperpolarization (sAHP) of 
neurons, alteration of neuronal sAHP provides a means to inhibit epileptic seizures or 
modulate learning or memory disorders. 

The academic literature has been reporting on electrophysiology studies of SK channels 
for many years prior to the applicants' discovery of the genes encoding the subunits. As early as 
1981, it was reported that apamin was a selective blocker of these channels and the channels 
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were studied using voltage clamps and biochemical methodologies. Exhibit 1, Hugues, et al., 
1981, Apamin as a selective blocker of the calcium-dependent potassium channel in 
neuroblastoma cells: Voltage-clamp and biochemical characterization of the toxin receptor, 
PNAS USA 79:1308-1312. 

When applicants disclosed that the SK channels play a role in memory and learning, they 
were not merely speculating as to possible uses. The understanding that these channels play a 
role in memory and learning was widely reported in the literature from studies involving both 
electrophysiological experiments and in vivo animal experiments. The following articles are 
representative of this body of literature. Behnisch and Reymann, 1998, Inhibition of apamin- 
sensitive calcium-dependent potassium channels facilitates the induction of long-term 
potentiation in the CA1 region of rat hippocampus, Neuroscience Letters 253:91-94 (Exhibit 2). 
Induction of long-term potentiation (LTP) is known to play a key role in the physiology of 
learning. 

In addition to the electrophysiology experiments of Behnisch and Reymann, the 
following three articles describe in vivo work in animals leading to the conclusion that the SK 
channels play a role in learning and memory: Exhibit 3, Deschaux et al, 1997, Apamin 
improves learning in an object recognition task in rats, Neuroscience Letters, 222:159-162; 
Exhibit 4, Ikonen et al, 1998, Apamin improves spatial navigation in medial septal-lesioned 
mice, European J. Pharmacology, 347:13-21; and Exhibit 5, Stackman, et al, 2002, Small 
Conductance CA 2+ -Activated K + Channels Modulate Synaptic Plasticity and Memory Encoding, 
Journal of Neuroscience, 22(23) 10163-10171 Collectively, these exhibits show that inhibition 
of SK channels with apamin improves learning and memory in animals. 

Based upon these exhibits, applicants submit that the record fully evidences that the SK 
family of channels has a known and recognized physiological utility and that this utility is both 



Page 3 of 7 



Appl. No. 09/254,590 

Suppl. Communication dated July 18, 2003 

Atty. Docket No. 014210-00730US 



PATENT 



specific to that family of genes and is of immediate and practical use. Nothing more is required 
under the law. 

All the members of the SK gene family would have utility in screening assays. 

During the interview, the Examiner also raised the possibility that the pending claim 
scope could embody a gene for which there is no known utility. Presumably, the Examiner is 
concerned that another SK channel might be found outside the central nervous system. To date 
applicants are not aware of any SK channels found outside the central nervous system. (Exhibit 
6, Kohler et al.,1996, Small-conductance, calcium-activated potassium channels from 
mammalian brain, Science, 273 : 1 709- 1714). However, even if an SK channel were found 
outside the CNS, applicants urge that the claims are sufficiently limited by structure that only 
evolutionarily related channels are included. And all these channel proteins would be of such 
similarity in structure that all members of the genus would have utility in the screening assays. 

Of course, if one were intent on identifying modulators of memory and learning, one 
would not optimally choose a gene expressed outside the CNS. But that does not mean that the 
gene would have no use in the assays described in the specification because its similar structure 
imputes to similar function in an assay. 

The specification teaches that the rat and human genomes each have three variants each 
of the SK channels. They are designated SKI, SK2, and SK3. They are highly conserved at 80- 
90% over a core sequence of some 300 amino acids. At page 1710 of Exhibit 6, the authors 
wrote: "The sequences are highly conserved across their transmembrane cores (80 to 90% 
identity) but diverge in sequence and length within their NH2- and COOH-terminal domains." 
Thus they all have a similar primary structure. 
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This structural similarity leads to similar pharmacological function as defined by their 
common sensitivity to apamin. Apamin is an 1 8 amino acid protein isolated from bee venom and 
was described in 1981 (Exhibit 1) as a drug that specifically blocks SK channels. Apamin's 
ability to bind and interact with all the known subtypes of the SK channels is described in 
Exhibit 7, Grunnet et al., 2001, Apamin interacts with all subtypes of cloned small-conductance 
Ca2+ -activated K+ channels, Pflugers Arch-Eur. J Physiology 441 :544-550. 

Because apamin inhibits all three SK subtypes, it is submitted that any SK channel that 
falls within the structural limitations of claim 1 would also be inhibited by apamin. Thus one can 
easily envision any of the claimed genes being used in screening assays for identifying novel 
analogs of apamin with improved pharmacological properties. Furthermore, if one wanted to 
alter target selectivity in either direction, screening assays using different subtypes would be 
essential. 

Applicants submit that Exhibits 3, 6 and 7, and these remarks, fully address the 
Examiner's concerns regarding the possibility that not all members of the SK family would have 
the same utility. Based on the available information, one of skill would clearly recognize that 
any of the subtypes could be used in a screening assay for the modulators of the other subtypes. 



Page 5 of 7 



Appl. No. 09/254,590 

Suppl. Communication dated July 1 8, 2003 

Atty. Docket No. 01 421 0-0073 OUS 



PATENT 



CONCLUSION 

Should the Examiner maintain the utility rejection in spite of the above remarks, he is 
reminded that the law requires that the PTO shoulder the initial burden of coming forward with 
evidence as to why an invention lacks utility. Procedurally, it is not the applicants' evidentiary 
burden until the Examiner has provided scientific and objective reasoning explaining why those 
of skill would properly question a utility as lacking practical use and lacking specificity. 

In the October 1, 2002 Examiner's Action, the basis for rejection under Section 101 has 
improperly reversed that procedural burden. The Examiner's statements on page 3 and 4, while 
lengthy, do not provide the requisite objective reasons that might lead one to conclude that the 
claimed SK channels would not have a role in developing assays for drugs that would improve 
memory and learning. In conflict with the law, the Examiner has impermissibly required the 
applicants provide evidence in support of their utility statements. 

Nonetheless, Applicants were willing to submit evidence and remarks to address the 
Examiner's concerns in hope that prosecution will be expedited. It is expected that these 
remarks and exhibits provide that evidence. Should this Supplemental Communication be 
deemed insufficient in any way, applicants request a detailed explanation supported by sound 
scientific reasoning as to why the Examiner finds the evidence deficient as well as evidence in 
support of the Examiner's initial reasoning and conclusion that the SK channels are not involved 
in memory and learning and therefore would not have any practical and substantial use in 
screening assays for drugs to modulate memory and learning. 
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Applicants respectfully submit that all of the outstanding concerns raised by the 
Examiner in the latest action have been fully addressed and that the claims are in condition for 
allowance. Should the Examiner believe that a telephonic interview would expedite prosecution 
he is invited to call the undersigned attorney at the address provided below. 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, 8th Floor 

San Francisco, California 941 1 1-3834 

Tel: (415) 576-0200 

Fax:(415)576-0300 

KAW/dk/jhd 



Respectfully submitted, 



Dated July 18, 2003 




Kenneth A. Weber 
Reg. No. 31,677 



SF 1474570 vl 
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Apanun as a selective blocker of the calcium-dependent potassium 
channel in neuroblastoma cells: Voltage-clamp and biochemical 
characterization of the toxin receptor 

(receptor binding/neurobUstoma cell differentialioi)) 
M. Hugues, G. Romey, D. Duval, J. P. Vincent, and M. Lazdunski 

Centre de Hochimie du Centre National de b Recherche Sdentffique, Facultf des Sciences. Fare Valrose. 06034 Nice Cede*. France 
Communicated by Jean-Marie P. Lehn, October 13, 1981 



This paper describes the interaction of apamin, 
with die mouse neuroblastoma cell m 



is specifically blocks the Ca ,+ -dependent K* channel in 
aiuerenoated neuroblastoma cells. Binding experiments with 
highly radiolabeled toxin indicate that the dissociation constant of 
the apamin-Hreceptnr complex in differentiated neuroblastoma 
cells is 15-88 pM and die maximal binding capacity is 12 find/ 
rag of protein. The receptor is destroyed by proteases, suggesting 
that it is a protein.The binding capacity of neuroblastoma cells for 
radiolabeled apamin dramatically increases during the transition 
from die nondifferentiated to the differentiated state. The 
number of Ca t+ -dependent K* channels appears to be at most 
1/Sth the number of Cast Na+ channels in differentiated neuro- 
blastoma. The binding of radiolabeled apamin to its receptor is 
antagonized by monovalent and divalent cations. Na* inhibition 
of die binding of ^-labeled apamin is of die competitive 
type (K&Nm*) — 44 mM). Cuanidinium and guanidinated com- 
pounds such as amiloride or neurotensin prevent binding of US I- 



In recent years neurotoxins have become essential tools in neu- 
robfological studies {1, 2). Apamin is a bee venom polypeptide 
of 18 amino acids with two disulfide bridges (3). It is the only 
e neurotoxin, as far as we know, that passes the 
n barrier. Arg-13 and Arg-14 are in the active site of 
die toxin (4). Apamin does not seem to interact with receptors 
of th* most classical neurotransmitters (5). Recent K + flux stud- 
ies have suggested that it blocks a Ca 1+ -dependent K + channel 
(6, 7, 8). 

Moolenaar and Specter (8, 9) have reported that the action 
potential of N1E 115 mouse "•uroblastoma cells in solutions 
containing a high Ca 8+ cone «tinn was followed by a long- 
lasting after-hyperpolarization v «.h.p.). This a.h.p. was inferred 
to be mediated by the activation of a Ca 2+ -dependent K* con- 
ductance that is voltage dependent and tetraethykminonium 
(Et«N + ) insensitive. The existence of a Ca 2+ -dependent K + con- 
ductance has also been demonstrated in a variety of excitable 
cells such as vertebrate motoneurons, cardiac Purkinje fibers, 
smooth muscles (10), skeletal myotube cultures (11), etc. It is 
likely that the Ca l *-dependent K* conductance plays a major 
role In the regulation of the repetitive firing frequency (11). 

Two approaches have been used in this paper to study the 
mode of action "f apamin on neuroblastoma cells; first, ait eloc- 
tamhystological approach to determine the specificity of action 
of apamin on the Ca B+ -dependent K + conductance; second, a 
hwoiwriical approach to Investigate the properties of the spe- 
cific binding of apamin to the cell membranes. 

ThepttMioaUunwttrfth^ 

psymeirt. This artiole must therefore be hereby rWlred^S*^- 
mmtlaucoriuetvHA 18 U. 8. C. 11734 solely toLXrte mU6rt. 



MATERIALS AND METHODS 

Cultures of Neuroblastoma Cells. Neuroblastoma cells 
(clone N1E 115) were grown as described (12); they were in- 
duced to differentiate in the presence of 1% fetal calf serum and 
1. 5% dimethyl sulfoxide. 

Iodination of Apamin. Apamin was purified as described (13). 
There is no tyrosine residue in the sequence, but there is his- 
tidine residue that is not essential for activity (4) and that can 
be iodinated. It has been found that the procedure previously 
described to prepare 125 I-labeled apamin (^I-apamin) (14) could 
not be used for the characterization of the 1JS I-apamin receptor 
on neuroblastoma cells. The labeled apamin obtained by this 
technique has a specific radioactivity of only 200-500 Ci/ 
mmol (1 Ci = 3.7 X 10 10 becquerels). Apamin (100 /ig) was 
incubated with 2 mCi of Na^I (IMS. 30, Amersham) in a 10 mM 
Tris-HCl buffer at pH 8.6 in a final volume of 200 pd. Four 3- 
fd portions of 10 mM chloramine-T (Merck) were added at 30- 
sec intervals. After the last addition of chloramine-T, the mix- 
ture was acidified to pH 6 with 0.1 M HC1 and die monoiodo 
derivative was purified on a SP-Sephadex C-25 (Pharmacia) col- 
umn (0.6 X 21 cm) equilibrated with a 100 mM NaCl/50 mM 
NaH 2 P0 4 buffer at pH 6. The column was eluted first with die 
equilibration buffer (10 ml) then with a 50 mM NaH s P0 4 buffer 
at pH 6 containing 300 mM NaCl. Fractions were 1 ml. The 
monoiodo derivative was eluted in fraction 32. The specific ra- 
dioactivity of the monoiodo derivative was 2000 Ci/mmol. 

Binding Assays under Various SUuiu&rd Conditions. Neu 
roblastoma cells were scraped from culture dishes in an ice-cold 
medium consisting of 20 mM Tris«HCl, 0.25 M sucrose, and I 
mM EDTA at pH 7.5, centrifuged for 5 min at 1000 x g, re- 
suspended in the same buffer (11-18 mg of protein per ml), 
divided into aliquots, and stored in liquid nitrogen. Tire con- 
centration of protein was measured by Hartree's method (15), 
using bovine serum albumin as a standard. Frozen N1E 115 
cells kept their apamin receptor in a stable form. Homogenates 
from the neuroblastoma cells were obtained with a Potter ho- 
mogenizer (900 rpm, five strokes). The standard incubation 
medium for binding experiments consisted of a 20 mM TrirHCl 
buffer at pH 7.5 containing bovine serum albumin at 0.S me/ 
ml and 5.4 mM KCl. 

Cellulose acetate filters (Sartorius, SM 11107, 0.2 jum pore 
size) used in binding experiments were incubated in 10 mM 
Tris-HCl (pH 7.5) and 0. 1% serum albumin for 1 hr and then 
washed once with 5 ml of the same buffer at 0"C just before use. 

(i) Kinetics of association cad Association of m l-6pmin to 
neuroblastoma celh. N1E 115 homowftuttes (0,3 mg of protein 
per ml) were Incubated in the standard medium at 0°C, The 

Abbreviations! a.h.p., long-lasting after-hypenwhritttfuw; E«,N\ 
tetraethylwnmonlum. 
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onset of binding was studied by adding ^I-a^in at 40 pM. 
Aliquots (0.8 nil) were taken at different times and filtered un- 
der reduced pressure. Filters were rapidly washed twice with 
5 ml of the washing buffer containing 10 mM Tris-HCl (pH 7.5) 
and 0.1% bovine serum albumin. Radioactivity bound to filters 
was measured with an Intertechnique GG 4000 gamma counter. 

After 75 min of association the amount of specifically bound 
^apamin reached a plateau value; At that time, a large excess 
of unlabeled apamin (1 /iM) was added to the incubation me- 
dium, thereby displacing the ^I-apamin associated with the 
receptor. Dissociation kinetics were Mowed by measuring the 
decrease in bound la5 I-apamin with the filtration technique 
described above. 

A series of experiments has also been carried out in die phys- 
iological buffer for neuroblastoma ceils: 5.4 mM KCl, 2.8 mM 
CaCl* 1.3 mM MgSO* 140 mM NaCl buffered by 20 mM 
Tris-HCl at pH 7.5. 

(ii) EquMrium binding experiments. N1E 115 homogenate 
(0.3 mg/ml) was incubated with l2S I-apamin at increasing con- 
centrations for 60 min at 0°C. Duplicate aliquots (0.8 ml) were 
then filtered and Ate bound radioactivity was measured as de- 
scribed above. Nonspecific binding was determined in parallel 
experiments in the presence of an excess of unlabeled toxin (1 
pM). 

(iii) Competition experiments between labeled and unlabeled 
apamin. N1E 115 homogenates (0.3 mg/ml) were incubated for 
60 min at 0°C with a fixed concentration of labeled iodotoxin 
(3.3 pM) and various concentrations of unlabeled toxin in 2 ml 
of the standard or of die physiological incubation medium . The 
amount of labeled iodotoxin that remained bound to neuro- 
blastoma cells in die presence of the unlabeled toxin was esti- 
mated as described in U. 

(iv) Competition experiments between labeled apamin and 
monovalent cations, divalent cations, and other drugs. Exper- 
iments were carried out as described in iii. 

(v) Protease digestion of the apamin receptor. N1E 115 ho- 
mogenates (18 mg/tn') were incubated for 1 hr at 25°C in the 
presence of the different proteases in 20 mM Tris-HCl (pH 7.5) 
containing 1 mM EDTA and 0.25 M sucrose. For papain the 
digestion was carried out in 6.6 mM dithiothreitol and 1.6 mM 

Electrophysiological Experiments. Culture dishes contain- 
ing NIK 115 neuroblastoma cells were used directly for elec- 
trophysiological analysis after replacing die culture medium 
with a modified Earle's medium (00 mM.NaCl/5.4 mM KCl/ 
25 mM CaClj/0.8 mM MgSO</25 mM Hepes-Tris/25 mM 
EtjN 4 /5 mM glucose) buffered at pH 7. 4. Choline cations were 
used as a substitute for Na + in Na*-free solution. The culture 
dish was placed on die warm stage of an inverted microscope 
(Leitz Oiavert) and the temperature was maintained at about 
30°C. Experiments were performed by using a suction pipette 
method which combines internal perfusion with voltage clamp 
of isolated cells (16-19). The suction pipette had a tip diameter 
of about 10 (im. The measured Up resistance ranged between 
200 and 300 kfl; the ionic composition of the solution used for 
internal perfusion was lOmM NaH 4 PO«, 1 mM MgCl 4 , 115mM 
glutamic acid adjusted to pH 7. 1 with KOH end to die osmotic 
pressure of the external solution (305 milliosmolar) with 
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dent Et^ + -insenaitive K + current (9, 10). In our experiments, 
only a fraction (about 20%) of the celbbadied to a Wution con- 
taining 25 mM Ca 8 * and 20 mM Et<N* displayed an a-hp. &1- 
lowingtha spike. Fig. 1 A and B {Left) presents typical aJi.p. 
obtained by anodal break stimulation when toe cells were 
bathed either in a 90 mM Na + /25 mM Ca e+ /20 mM Et«N + 
solution or in a 25 mM Ca 2 720 mM Et«N* Na + -free solution. 

In a Na + -free external solution containing 20 mM Etintf: and 
25 mM Ca 2+ , die only measurable currents in voltage-damp . 
experiments upon prolonged step depolarizations were,the in- 
ward Ca 8 * current and die-slow Ca a -dependent outward E* 
current (Fig. 1C, Left). The slow outward current war inhibited 
by Ca i+ channel blockers such as La 3 * (2 mM) (Fig. 2A) and 
Co 2 * (10 mM) (Fig. 2B). For a fixed level of depolarization 
(+20 mV in the experiment shown in Fig. 2G), die maximal 
intensity of die slow outward current was dependent on die 
degree of inactivation of die Ca* + channel (Fig. 2C). Further- 
more, the slow outward current was greatly reduced by internal 
perfusion with the Ca 2+ -chelating agent EGTA (1 mM) (Fig. 
2D). These results are additional indications supporting die 
view (9) that the slow outward current is due to an internal free 
Ca 2+ -mediated K + channel activation in neuroblastoma cells. 

The only effect of apamin (0. 1 /iM) was to suppress the a.h.p. 



RESULTS 

Voltage-clamp analyses of differentiated N IE 118 neuroblas* 
toma cells have revealed the existence of four voltage-depen' 
dent membrane currents: a fast inward No* current blocked by 
tetrodotoxta, a delayed outward Et4N*-8eniitive K* current, 
a slow inward Ca B * current, and a slow outward Ca"*«dapen- 




taining a high concentration of Ca 8 * (85 mM); 



(A) iLtft) Multiple spike response evoked by anoaUfcwaki. _ 
in a 95 mM Ca"790 mM Na* solution containing 25 mM Et«N . The 
a.h.p. following the first spike hu partially reectintedthsNa* oao- 
duetanea, allowing the initiation of a second spika. *fe*t)Sua*<*U, 
2 min after the application of 0.1 jiM eptmia. Mote tin abevm at 

aJtp.. (B) {Lift) Ca»* action Mtenttal and *Jha ft*** *■ *- T 

bteak ttimulttlon in aSSmMGa". Nt*^ (ttSuUontt 

of 0.1 pM apamin. In A and** the atro tolteff h^iah 



runts. {Right) Cumnto&ntn after theaddttiw 
ThaC* 1 * tumntwa»wtaf!Wa*ti»eCa**4oft^^ 
currant waa atroagly depnoitsY 
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Fto. 2. Evidence for a Ca**-dependent slow outward current in 
NIEllfi nenroblaatoma cells; voltage-clamp analysis. Inhibition of the 
" Tfe** blockers such as La 5 * CA) or Co 4 * (B), 



by inacti.va.tion of the Ca ! * current (C) and by internal perfusion with 
EOTA (D). (A) Families of membrane currents associated with differ- 
ent BtCD depoUrixationB from V H = -90 mV. Upper traces, control cur- 
nonVLov^tnces, 2 min after the addition of 2 mM La 5 *. Note that 
both the Ca a * inward current and the alow outward current were 
blocked. IB) Upper trace, control current associated with a step depo- 
larization from V„ «= - 90 mV to + 10 mV. Lower trace, 6 min sfter 
the addition of 10 mM Co 1 *, the alow outward current was blocked. 
(O Upper trace, control current associated with a step depolarization 
from V H = -90 mV to +20 mV. Lower trace, membrane current as- 
aodatedv^astepdepolari»ationfromVH= -30mVto+20mV.1.6- 
• - -•■ a gtep repolarization to -90 mV. Note the 

if the alow outward current CD) Upper trace, 



l2S I-apamin to N1E 115 homogenate. (A) Association kinetics of 
apamin (40 pM) binding at0°C to N1E 116 homogenate (0.3 mg/ml). 
Unsefi Semaogarithmic representation of the data; x repreeento tte 
percentage of maximal las I-apamin bound. The plateau value (100%) 
corresponds to 7.6 fmol of ™I-apamin bound per mg of protein. IB) 
Dissociation kinetics of l25 I-apamin initiated by addition of 1 jiM un- 
labeled apamin. Unset) Semilogarithmic representation of the data. 



labeled a] 



i. Because the 



mVto + 10 mV. Lower trace, 10 min after the normal internal perfusion 
solution has been switched to a solution containing 1 mM EGTA. Note 
the large reduction of the alow outward current 

(Fig. 1 A and B, Right). Voltage-clamp analyses showed that 
apamin (0.1 /iM) is a specific blocker of the slow outward cur- 
rent. The remaining current after 0.1 fM apamin treatment 
(Pis. 1C, Right) or after treatment with Ca a+ blockers (Fig. 2 
A and B) can be attributed to a nonlinear leakage current; i.e. , 
the leakage conductance is higher in depolarization than around 
the holding potential (9). The concentration of apamin that 
blocked 50% of die slow outward current was around 10 nM. 

Independent voltage-clamp analyses of die tetrodotoxtn-sen- 
sitfve fast Na + current and of the Et^T-sensitive K* current 
showed dial the corresponding ionic conductances were unal- 
tered by apamin. 

Association and Dissociation Kinetics of die Interaction Be- 
tween ""l-Apamin and Neuroblastoma Cell Membranes. Typ- 
ical kinetics of association between 1M I-aparnin and neuroblas- 
toma cell homogenates are represented in Fig. 3A, These 
experiments were carried out with an lt8 l-apamin concentration 
of 40 pM. The concentration of specifically bound lu I-apamin 
that corresponds to MXWMn Fig. 3A was 2.28 pM. The free ia5 I- 

rnln concentration varied less than 6% during the course of 
association kinetics. Fig. 3A inset shows that a semiloga- 
rithroicpIotoftbedataUlinear, widen is expected for a pieudo- 
flfstorder reaction, The rate- constant of the association is then 
k - Jc^-spamlnl + ki, in which Jt. and represent the rate 
constants of usodarJon and dissociation, respectively, of die 
^•apamhweceptor complex. The value of k under conditions 
used in Fig. 3A it 1.3 x MT 8 sec" 1 . 
Fig. 30 demonstrates that lt *l-apamln bound to neuroMai- 



toma cells can be displaced by ui 
presence of a large excess of unlabeled apamin (1 fM) prevents 
the reassociation of 1M I-apamin with neuroblastoma cells, the 
dissociation process should be first-order with k^ as rate con- 
stant As expected, die semilogarithmic representation of die 
dissociation data is linear (Fig. 3B Inset). The calculated value 
of ltd from data in Fig. 3B inset is 2 x UT* sec -I . The value 
of £ calculated from k, It* and the 1M I-apamin concentration 
is 2.7 X 10 7 M" 1 sec _1 . These kinetic data enable us to calculate 
the dissociation constant of die 1M I-apamin-receptor complex: 
= kjk._ = 7.3 pM. 
Equilibrium Binding of ^Apainin to its Receptor in Neu- 
roblastoma Cells. Fig. 4A shows typical results of binding ex- 
periments in which increasing concentrations of ,15 I-apamin are 
added to a fixed concentration of a homogenate of differentiated 
N1E 115 cells. The specific binding is represented by the dif- 
ference between total and nonspecific binding. Linearity of die 
Scatchard plot (Fig. 4B) demonstrates tint ^I-apamin binds 
to a single class of noninteracting sites. The dissociation con- 
stant, K^, of the complex formed between I apamin *mA 
neuroblastoma cells is 22 pM and die maidtnal binding capacity 
is 12 ftnol/mg of protein. 

The Scatchard plot obtained with nondiFferentiated neuro- 
blastoma (Fig. 4B) indicates a dissociation constant of 32 pM and 
a maximal binding capacity of 3.2 fmol/mgof piotein.^ 

Apamin Receptor Is Degraded by Proteases. Fig. 5 shows 
drastically decreased levels of us I-apamin btading to its recep- 
tor after treatment of die neuroblastoma cell homogenate with 



Competition Between Unlabeled Apamin and "H-AjMmhv 

Fig. 6A shows that increasing concentrations of unlabeled apa- 
min gradually inhibit '"l-apamtn binding to the specific town 
receptor. Half-maximal Inhibition, of ""l-ai 




placement Kj* and are the dissociation constants of com- 
plexes formed between neuroblastoma and lB l-apamtn or 
unlabeled apamin, respectively. Ki* is 9SL pM (see abpv* v \ 
[^^oamlnlo » is 3 pM under the experimental condtt^ns <* 
Fig.6A. KjisthenlBpM. , 

Fig. 6A also presents a competition experiment under con- 
ditions in which the rroyriotogtoal buffer is uted instead of the 
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Fig. 4. Binding of 12S I-apamin to N1E 115 homogenate under stan- 
dard conditions. (A) N1E 115 homogenate (0.3 mg/ml) was incubated 
with increasing concentrations of ,B I-apamin. d, Total binding. Non- 
specific binding (•) was determined in the presence of a large excess 
of unlabeled toxin (1 fiM). Specific binding (O) is the difference be- 
tween total binding and nonspecific binding. (B) Scatchard plot of the 
data. 8, bound; F, free. Data from differentiated (•) and nondifferen- 
tiatedU)NlEll&m 



standard buffer. In this case, K0.5 = 75 pM and Kj = 49 pM. 
TV nontoxic apamin derivative in which Arg-13 and Arg-14 
have been modified by 1,2-cycIohexanedione (4) was unable to 
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Flo. 8. Protease degradation of the apamin receptor. Hie horaog- 
«UM (18 mg/ml) wulneubatad in 20 mM Tris-HCl/1 mM EDTA/ 
0.25 M nam (pH 1A) ftp 1 hr at 28*0 In the absence ofpntaaie(uar 
» or In the > pretence of tryptin at 0.1 ma/ml (bar 2), r- -* 




-logfcation, Ml 

Fio. 6. (A) Competition between ltt I*apamin and unlabeled apa- 
min in standard conditions (•) and in physiological buffer (&). Cam- 
petition between 125 I-apamin and apamiamodifiedon Arg-13 and Arg- 
14 by 1,2-cyclohexanedione (o). The concentrations of us I-apamin 



were3.3pM(«,D)and26pM(A).(L B 

ditions between 125 I-apamin (3.3 pM) and Ca s * (•), Na* (o), and guan- 
idinium U). Unset) Scatchard plote of the data obtained from binding 
of ISS I ipamin to N1E 115 homogenate (0.15 mg/ml) in the presence 
of 0 N * <o), 50 mM Na* (•), or 100 mM Na* (a). 

prevent l2S . - roamin binding to its receptor at concentration up 
to 0.1 j*M {Sig. 6A). 

Effect of Monovalent ami Divalent Cations on !a i-Apamm 
Binding to its Receptor. In all these experiments N1E 115 ho- 
mogenates were incubated under standard conditions (20 mM 
Tris-HCl/5.4 mM KC1. pH 7.5) in the presence of w I-*namfo 
(3.3 pM) and at different concentrations of mono- and divalent 
cations. Na\ guanidinium, and Ca** inhibit ^I-apamin bind* 
ingJFig. 6B). Fif^percentinhibition(Ko. 5 )isobs€rvedat2mM 
Ct? + , 44 mM Na*, and 12 mM guanidinium. Choline inhibits 
lss I-apamin binding like Na 4 or guanidinium, withaKo,s value 
of25mM. Et^N* inhibits ias I-apamin binding with a Ko. s value 
of6mM. 

The large differences in affinity of apamin for its receptor 
measured by electrophystology on one hand and by binding 
experiments with 18S I-apamin on the other hand we explained 
by the experimental conditions required in the vdtflge<hmp 
approach-^., high Ca«* (25 mM), choline (90 mM), and 
Et^N* (20 mM) concentrations. % 

Scatchard plots of lu I-apamin binding (Fig. 6B, frurt)snow 
that increasing Nat concentrations do not change the mutant) 
• ■ • ■■ ■ membrura, ftey only 

sint t which twa 



0.25 M sooMe (pH 7.6) far 1 hr at 2o°0 in the absence of protuM (or binding capacity of neuroblastoma membranes, they only 
» or in ttomagnnof trypsins 0.1 ma/ml (tar 2), chwnotmain at ohartoraeapparentdissnc^^^ 

— ^.-^ » binding to ita receptor. 



(S^pintoei^homofmUwaJrniaflund. 
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Oated neuroblastoma cells, whereas they are fully developed 
after differentiation. 
Ionic conditions are of ps 



e for the binding 

_. _ r t tor various monovalent and divalent 

cations prevent ls5 I-apaniiD binding to tts receptor (Na*. guan- 
Ca7*). Bee " " " " " ~ " 



> Effoct*«h ^I-Anamin Binding of Neuro_. , — 

ronuptides, Wd Drugs Acting on Transmitter Receptors or 

Ionic Channels, Histamine (10 /iM), yanilnobutyric add (10 Ionic conditions are of parrk _ . _ „ 

fOX), glutamic add (10 fiM), epinephrine<l fiM), norepineph- of apamin to its receptor (14). Various monovalent and divalent 
jine (1 pM), acetylcholine (1 fiM), glycine (1 /tM), serotonin " 
(1 fiM), and dopamine (1 are without effect on ^-apamin 
binding. Diazepam (1 pM). lysergic add diethyl amide (1 /iM), 
strychnine (100 /tM), and isoproterenol (1/*M) are also without 
effect. Toxins specific for the fast Na* channel (I, 2), such as 
tetrodotoxin, veratridine, sea anemone toxin II; or pure scor- 
pion toxins from Arwfroctomw, Tttyus, or Centruroides venom 
are also without effect at concentrations as high as 1 jM. 

Amiloride, a specific blocker of epithelial Ntf channels (20), 
inhibits ^apamin binding to its receptor with a K0.5 of 0.25 
mM. Veiupamu^ ahlocker of theCa 2 * channel, also inhibits ^I- 
apamin binding with a K^ s of 0.10 mM. The most active mol- 
ecule in inhibiting ^-apamin binding is the polypeptide neu- 
rotensin. The value in that case is 0.4 fiill. 



Hrf« paper demonstrates by using voltage-clamp techniques 
that apamin blocks a Ca^-dependent K* conductance. This 
blockade is very selective, because apamin is without effect on 
other tonic channels such as the fast Na* channel, die Et«N + - 
sensitive K* channel, or die slow Ca 8+ channel. Under the par- 
ticular conditions used for die electrophysiological study of the 
Ca 2+ -dependent K + conductance (25 mM Ca 2+ ), a complete 
block of the channel is observed at 100 nM apamin. 

the use of a very highly radiolabeled derivative of apamin, 
^I-apamin, permitted a detailed study of the interaction of the 
toxin with its receptor in neuroblastoma cells. The binding is 
saturable and specific Nontoxic derivatives modified on Arg- 
13 and Arg-14 (4) do not prevent !2S I-apamin binding to its re- 
ceptor. The interaction of apamin with its receptor has die fol- 
lowing properties: (J) the dissociation of .the toxin from its re- 
ceptor is slow, with a half-life that may be as low as 58 min at 
0TC and pH 7.5; (tt) the Ka value of the apamin-receptor com- 
plex is 16-22 pM under standard conditions; (iU) the apamin 
receptor is destroyed by proteases (trypsin, chymotrypsin, 
Fronase, papain) and is therefore probably a protein. 

The maximal number of binding sites fowd on differentiated 
neuroblastoma cells is 12 fmol/mg of protein; it is about l/5th 
of that found for fast Na* channels In the same preparation using 
a radiolabeled tetrodotoxin derivative [58 fmol/mg of protein 

One of the interesting properties of the Ca s+ -dependcnt K* 
channel is that it develops during differentiation in low serum 
concentrations and in die presence of dimethyl sulfoxide. Non- 
differentiated neuroblastoma cells do not have Ca t+ -dependent 
K* conductances that can be detected etectrophysiologically. 
Moreover, comparable titrations of the apamin receptor in un- 
differentiated and in differentiated cells show an increase in 
number of apamin sites by a factor of about 4, without modi- 
fication of the receptor properties since the dissociation con- 
, slant remains essentially unchanged. Because a small percent- 
age of celh already moirhologlcally differentiated before 
, treatment with dimethyl sulfoxide and because all of the cells 
are not differentiated after treatment with low serum concen- 
tration plus dimethyl sulfoxide, it is possible that Ca^-depen* 
dent KT conductances are completely absent in undlfteren- 



a**). Because of these inhibitory effects of 
cations, under physiological conditions (5.4 mM K*/2.8 mM 
Ca 2 7l.3 mM MgT/lOO mM Na + /20 mM Tris-HGL pH 7.5), 
flic ICj value of apamin for its receptor is shifted to 71 pM (Fig. 
6A). 

The competition of guanidinium ions for U9 I-apanHn binding 
is probably the result of the fact that the active site of the toxin 
contains two guanidinium groups, on Arg-13and Arg-14. More- 
over, amiloride, which is also a guanidinated molecule, also 
prevents li5 I-apamin binding. However die most active com- 
pound in preventing 12S I-apamin association to its receptor is 
neurotensin. This neuropeptide of 13 amino adds has two con- 
tiguous arginines in its active site (22).* Other charged mole- 
cules like verapamil also interfere with ^I-apamin binding to 
die neuroblastoma membrane. 

Since Ca^-dependent K + channels are newfound in a large 
number of excitable cells preparations, we feel that apamin will 
play a role for nils channel analogous to that played by the dif- 
ferent toxins specific for the fast Na* channel (1). 

We thank Dr. C. Frelin and M. T. Bavier for providing neuroblas- 
toma cells, Dr. H. Schweita for purifying apamin, E. Van Obberghen- 
Schilling for a careful reading of the manuscript, and C. Bonifadno for 
skilful technical help.This work was supported by the Centre National 
de la Recherche Stientifique, the Commissariat a l"Energ«e Atomique, 
The Fondation pour la Recherche MeMicale, and the Institut National 
de la Sante et de la Recherche M£dicale (C.R.L. no. 80.60.15). 
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Usino field potential recording in the CA1 -region of rat hippocampal slices we investigated the effect of apamin; a specific 
antagoni^ 

SKp of excTtatory postsynaptic potentials induced by a single 100 Hz tetanizationwas intens.fied by extracellular application 
of apami ^ n a^oncTat on raSgeof 1 -200 nM. No effects of apamin on LTP induced by triple 1 00 Hz tetamzation were .seen 
WeS™ Lethatthe positive modulation of LTP by apamin is effective in a nanomolar^ 
the employed tetanization. Because it has been shown that apamin-b.nd.ng sites are affected by learning d '? 0 ^ 
Alzheimer's disease, our finding suggests that changes in the sensitivity to apam.n may result ,n memory disorders. © 1998 
Elsevier Science Ireland Ltd. All rights reserved 

Keywords: Hippocampus; Long-term potentiation; Apamin; Bee venom; Calcium dependent potassium channels 



The stability of long-lasting synaptic efficacy enhance- 
ment is achieved by a diversity of signal cascades, which 
themselves have been affected by certain pre and/or post- 
synaptic activities during memory-specific consolidation 
processes [1,16]. The neuronal excitability and the proper- 
ties of neuronal interactions can be partially influenced by 
changes of the efficiency of different classes of potassium 
channels. Inhibition of the calcium-dependent potassium 
channel, for example by apamin elicits in compact neurons 
of the substantia nigra, irregular firing or bursting by abol- 
ishing the slow after-hyperpolarization [15]. Apamin is a 
specific antagonist of small conductive calcium activated 
voltage-independent potassium channels, which can contri- 
bute to the regulation of firing rates of certain cell types 
[10]. Binding sites of the 18-amino acid toxin apamin [2], 
isolated from bee venom were found in various thalamic and 
hippocampal structures (review [5] and [6,13]). Whereas the 
involvement of calcium-dependent potassium channels in 

* Corresponding author. Tel.: +49 391 6263437; fax; +49 391 
6263438; e-mail: behnisch@ifn-magdeburg. de 



modulation of synaptic plasticity was described [14,17], 
the role of apamin sensitive channels in plasticity is not 
well studied. Apamin failed to induce a slow onset potentia- 
tion, which is in contrast to the described effects of the bee 
venom mast cell degranulating peptide [11]. However, 
investigations of the effects of apamin in vivo revealed its 
effectiveness to modify memory-specific consolidation 
processes [3,4,12]. Thus, application of apamin in vivo 
improved learning and memory retention of rats [4,7]. 
Moreover, apamin-binding sites are affected by learning 
disorder diseases of human, indicating those implications 
in learning and memory processes [8]. 

Thus, we were interested to investigate the relevancy of 
apamin-sensitive potassium channels for long-term poten- 
tiation (LTP) in hippocampus, a cellular model for synaptic 
plasticity thought to be required for memory formation. 
Here we describe the facilitatory effects of apamin on 
field potential potentiation induced in the hippocampal 
CA1 region. 

Hippocampal slices were prepared from male rats (7-8 
weeks old) of the Wistar outbred strain MOL: WIST 
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(SHOE). After decapitation and dissection of the hippocam- 
pus 400 pim transverse slices were cut in ice-cold oxyge- 
nated artificial cerebrospinal fluid (ACSF in raM: NaCl 124, 
KC14.9, MgS0 4 1.3,CaCl 2 2.5,KH 2 P0 4 1.2, NaHCOj 25.6, 
D-glucose 10, saturated with 95% 0 2 , 5% C0 2 ; pH 7.3). 
Hippocampal slices were transferred to a submerged slice 
chamber and perfused with 32°C ACSF (2.5 ml/min). 

Synaptic responses were elicited by stimulation of the 
Schaffer collateral commissural fibres in the stratum radia- 
tum of hippocampal Cal -region using lacquer-coated stain- 
less steel stimulating electrodes. Glass electrodes (filled 
with ACSF, 1-4 MO) were placed in the stratum radiatum 
of the CA1 region to record excitatory postsynaptic field 
potentials (fEPSPs). The slope of the negative fEPSF rise 
and the amplitude of population spikes (PSs) were used as 
parameters. fEPSF and PSs were recorded together in the 
most experiments with exception of the 200 nM apamin 
application experiments. In these experiments the fEPSPs 
were recorded without PS recording. After an analysis of a 
fEPSP input/output curve, the test stimulation strength was 
always adjusted to 35% of the fEPSP slope maximum. Dur- 
ing the baseline recording four single stimuli (1 0 s intervals) 
were averaged every 5 min. After stabilization of the fEPSP 
and PSs values, LTP was induced either using a single 100 
Hz frequency stimulation with a 400 ms duration (total 
biphasic pulse-width -0.4 ms) or triple 100 Hz tetanization 
with a duration of 500 ms. FEPSP and PSs values were 
analyzed every 5 min within the whole experiment. 

Apamin (Sigma) was applied by bath-application 10 min 
before and up to 5 min after the tetanization. The toxin was 
dissolved in ACSF and the solutions were adjusted to a pH 
of 7.3. For the interpretation of the statistical significance of 
differences between the control group and toxin-treated 
group the values within single time points were analysed 
with the Mann-Whitney tMest (independent samples 
P < 0.05). 

To study the effect of apamin on hippocampal LTP 
induced with a single 100 Hz tetanization the toxin was 
applied 10 min before to 5 min after tetanization. The pre- 
sence of 100-nM apamin led to an enhancement of the 
fEPSP potentiation (see Fig. 1A). 

Both the initial and the late potentiation of the field poten- 
tials were affected and the difference between the toxin 
group and the control group was significant throughout 
immediately afterwards tetanization (P < 0.05). The des- 
cribed effect of apamin or LTP was dependent upon the 
toxin concentration used. As it is shown in Fig. 2A the 
fEPSP potentiation (60 min after tetanization) was enhanced 
significantly only by apamin concentrations of 10, 100 and 
200 nM. No further increase of the fEPSF potentiation 
enhancement by 100 and 200 nM apamin was found, indi- 
cating the saturation of the mechanisms responsible for the 
apamin effect at low apamin concentration. In contrast to 
the described apamin actions on fEPSP potentiation, an 
effect on initial and late potentiation of population spikes 
was detected only at an apamin concentration of 100 nM 
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(see Figs. IB and 2B). Application of 100 nM apamin for 15 
min did not alter the baseline values of fEPSPs or PSs within 
recording periods (before apamin application: fEPSP 
99.6 ±0.5% and PS 100 ± 0.9%; 10 min after apamin 
application: fEPSP 98.4 ± 0.6% and PS 103 ± 2.3%: see 
Fig. 1A,B). The control values for similar time periods in 
the baseline apamin experiments revealed: before, fEPSP 



A 220 




time (min) 

control Apamin jp^-^ 




time (min) 

Fig. 1. Extracellular application of apamin (100 nM; black line) during 
single 400 ms 100 Hz tetanization enhanced fEPSP potentiation 
significantly throughout, after tetanization (A; control group: open 
circles (n = 9); toxin treated group: black squares (n= 11); black 
bracket: P< 0.05). No baseline effects of 100 nM apamin were 
observed (control: open triangle (n = 6); toxin: black triangle, 
(n = 5)). (B) A weak effect of apamin or the PS potentiation was 
observed (control group, n = 9; toxin treated group, n = 1 1). Aster- 
isks mark the time points which were significantly different from the 
control group (P < 0.05). Baseline values of both control (open tri- 
angle, n = 6) and toxin-treated group (black triangle, n = 5) were 
similar. LTP was induced at the time zero with a 400 ms long single 
100 Hz train. Analog traces on the right upper side of the diagrams 
(A) and (B) represent typical recordings of LTP (a) and baseline (b 
experiments taken 5 min before (1 ), and 60 min after tetanization (2). 
Calibration: vertical bar, 2mV; horizontal bar, 4 ms. 
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99.7 ± 0.6% and PS 100 ± 1%; after, fEPSP 99.7 ± 0.6% 
and PS 99 ± 1.7%. 

Using another tetanization protocol (triple 100 Hz tetani- 
zation) LTP was inducer which was not affected by applica- 
tion of 100 nM apamin (initial potentiation: fEPSP 
259 ± 17%, 274 ± 15% and PS: 223 ± 23%, 224 ± 24%; 
4 h after tetanization: fEPSP 158 ± 16%, 143 ± 16% and 
PS 203 ± 18%, 186 ± 35% for control (m = 6) and toxin- 
treated group (n = 6); respectively). 

To clarify, whether the apamin effect is mediated by 
changes in the excitability of CA1 neurons, half-maximum 
antidromic spikes were induced by a 50 Hz stimulation of 
the CA1 axon in the alveus without and with 100-nM apa- 
min. Comparing the amplitudes of the antidromic spikes 
without and with apamin it was possible to show that apa- 
min did not affect the antidromic spike burst (data not 
shown; toxin, n = 6; control, n = 61). 

Experiments, reported in this paper show that apamin 
enhances LTP within a nanomolar concentration range. 
The effective concentration of apamin action on LTP was 
in the range of 1-200 nM. The effectiveness of apamin on 
fEPSP potentiation enhancement has been clearly shown 
only for LTP induced with a single tetanization and not 
for potentiation elicited with the triple tetanization protocol. 
A special feature of the used strong tetanization paradigm is 
that a triple tetanization induces a longer lasting more satu- 
rated potentiation, which probably impedes to recognize 
effects of apamin on such LTP. 

The effect of apamin on PS potentiation was not similarly 
pronounced as in comparison to apamin effects on fEPSP 
potentiation. It is known, that the dependence of PS upon 
increasing fEPSPs is not linear and is determined by the 
experimental conditions and by the physiological state of 
the neuronal circuit elements [9]. Thus, we have analyzed 
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the effect of 200-nM apamin on fEPSP potentiation alone, 
without PS recording. This experiment revealed that the 
apamin effect on fEPSP potentiation is already saturated 
by a 100-nM apamin concentration. Apamin antagonizes 
specific calcium-dependent potassium channels, which 
themselves have generally a high diversity and contribute 
differentially to the after-hyperpolarization occurring after 
spike generation. The afterhyperpolarization has several 
components: the fast one contributes to repolarization of 
the action potential and regulates interspike interval, 
whereas subsequent slow components are responsible for 
spike-frequency adaptation [10]. Calcium dependent potas- 
sium channels of excitatory CA1 neurons are not affected by 
apamin, and moreover, this compound is ineffective in inhi- 
bition of slow afterhyperpolarization and regulation of spike 
accommodation in CA1. neurons [18]. These observations 
are in agreement with our results, that apamin does not 
change the antidromic spike generation, used as an indicator 
for possible changes of CA1 neuron excitability. However 
calcium-dependent potassium channels of stratum oriens 
interneurons have a high sensitivity for apamin and their 
spike frequency is affected by this toxin [10,19]. Thus, we 
propose that the apamin-mediated facilitation of LTP is 
partially caused by changes of excitability of interneurons, 
regulating the strength of CA1 pyramidal cell excitation 
during orthodromic tetanization. 

Despite the yet unidentified localisation of the apamin 
effect on LTP we could show that apamin-sensitive potas- 
sium channels could be involved in regulation of synaptic 
plasticity establishment. This positive modulatory effect of 
apamin on LTP might be responsible for the described 
observations that in vivo injections of apamin improved 
learning and memory retention [3,4,7,12]. On the other 
hand, apamin-binding, sites are affected by learning disor- 
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ders including Alzheimer's disease [8] that might indicate 
the relevancy of apamin binding sites for memory processes 
in human. 

We are grateful to Katrin Bohm for expert technical 
assistance and Tariq Ahmed for critical comments. 
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Object recognition was investigated in rats in a t 
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Apamin, an active principle of the Apis mellifera honey- 
bee venom, is an octadecapeptide with two disulphide 
bonds [7]. This toxin is a selective blocker of a particular 
class of Ca 2+ -activated K + -channel (K Ca channel) which is 
characterized by its relatively high sensitivity to intracel- 
lular Ca 2+ concentration, lack of voltage dependence, and 
small conductance. This channel is involved in the slow 
phase of the afterhyperpolarization that follows action 
potentials in many excitable cells [2,17]. In mice and 
rats, apamin produces signs of poisoning like tremors, 
ataxia and lethal respiratory insufficiency [1 1]. Auto radio- 
graphic binding studies with [ 125 I]apamin have shown that 
apamin binding sites are numerous in many regions of the 
central nervous system (CNS), with a highest density in 
the limbic forebrain [4,14] and there is evidence that apa- 
min penetrates the blood-brain barrier [5]. 

It has been claimed that apamin could facilitate memory 
processes when injected at non-convulsant doses, either 
before or immediately after partial acquisition in an appe- 
titively-motivated bar-pressing response in mice [13]. 
Moreover, apamin increases the expression of immediate 
early genes c-fos and c-jun by learning in the hippocampal 
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formation. This immediate early gene can be related to the 
apamin induced facilitation of learning [8]. 

Therefore, apamin has been shown to increase the firing 
rate of cholinergic neurons of the medial septum diagonal 
band region [12], an area controlling both the cholinergic 
and glutamatergic innervations of the hippocampal forma- 
tion (via the cholinergic septohippocampal pathway and 
the septal projection to the entorhinal cortex, respectively, 
which is the major source of hippocampal glutamatergic 
innervation) [10]. So apamin seems to act on the hippo- 
campus, one of the principal areas controlling learning and 
memory. 

In order to better delineate the implication of apamin 
sensitive K Ca channel in memory processes, we investi- 
gated the effects of apamin on memory, as assessed in 
an object recognition task. This task measures innate 
exploratory behavior. It seems to be a useful tool to 
study memory in rats since it was likely to show either 
disruption or improvement of memory processes by drugs 
[1,9]. 

The animals used were male Wistar rats (Janvier, 
France) weighting 180-220 g. They were housed five 
per cage in a regulated environment with a 12-h light/ 
dark cycle. They had free access to food and water. The 
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animals were used for experimentation after adaptation to 
laboratory conditions for at least 5 days. 

The apparatus of the object recognition task was an 
open box made of Plexiglas (60 cm length; 60 cm width; 
30 cm height). The objects to be discriminated (pyramid or 
staircase, 5 cm height) were made of grey PVC and appar- 
ently, they had no natural significance for rats and they had 
never been associated with a reinforcer. 

The day before testing the rats were allowed to explore 
the apparatus for 2 min. On the day of the test, at the first 2 
min sample trial (Tl), two identical objects (termed as 
sample objects) were presented in two corners of the 
box. In the second 2 min choice trial (T2), one of the 
objects presented in Tl was replaced by a new object. In 
a first experiment conducted in order to demonstrate that 
rats are able to recognize the object presented in Tl, a 
short interval of 1 h separated Tl and T2. In the following 
experiments, since a promnesic effect of apamin was 
expected, a long interval of 24 h separated Tl and T2. In 
this way, control rats are unable to recognize the object 
presented at Tl, as shown below. From rat to rat, the role 
(sample or new object) as well as the relative position of 
the two objects were counterbalanced and randomly per- 
muted. 

A new set of cleaned objects was always put into the box 
to rule out the possibility of scent traces left on the objects 
and therefore the dependency of the recognition capacity 
of rats on the olfactory cue. 

The basic measure was the time (in seconds) taken by 
the rats in exploring objects in the two trials. Exploration 
was considered directing the nose to the object at a dis- 
tance <2 cm and/or touching it with the nose; turning 
around or sitting on the object was not considered as 
exploratory behavior. The rats were observed on a 
closed-circuit TV screen and their exploration time was 
manually kept. 

Apamin (Latoxan, France) was dissolved in saline, and 
administered intraperitoneally. All administrations were 
given in a volume of 1 ml/kg body weight. Control rats 
received saline (0.9% NaCl solution). In the first experi- 




Fig. 1 . Effect of the intertrial time on the exploration time between the 
new and the familiar object ( ± SEM) on T2. Saline was injected 30 min 
before T1, S P< 0.01. 



Table 1 

Experiment 2, mean ( 1 SEM) of total exploration time on Tl and T2 
Treatment n Mean on Mean on 

(m g/kg) Tl (s) T2Js) 

^im^ 47 13.86±1.41 6-3910.95 

0 1 15 15.57 ± 1.51 10.4011.32 

0 2 16 11.31 10.98 6.1910.93 

0 4 16 12.47 1 1.15 7.62 11.00 



ment, rats received saline 30 min before Tl, and T2 was 
performed 1 h after Tl. To study the effects of apamin on 
learning, consolidation and restitution of the information, 
the toxin was administered either 30 min before Tl 
(experiment 2), just after Tl (experiment 3) or 30 min 
before T2 (experiment 4), respectively. 

Statistical analysis were carried out using the Statview 
4.02 program. The exploration time on the familiar and on 
the new object in T2 was compared between experiments 1 
and 2 for saline treated rats by two-way repeated measures 
analysis of variance (ANOVA) using intertrial time as a 
between-group variable and object (new versus familiar) 
as a repeated measure. Then, the exploration time in T2 
was compared between the new object versus the familiar 
object independently for each group by the paired Stu- 
dent's /-test. In experiment 2, 3 and 4, for multiple com- 
parisons between-groups an ANOVA and subsequent 
Bonferroni/Dunn test post-hoc analysis were applied for 
the total exploration time in Tl and in T2 and the dif- 
ference of exploration time between the new object and 
the familiar object in T2. Results are expressed as 
mean ± SEM. 

The intertrial time significantly affected the difference 
in exploration time between the new object versus familiar 
object in T2 (1 h versus 24 h F(l,60) = 18.3, P < 0.001; 
new versus familiar F(l,60) = 6.2, P < 0.05; interaction 
F(l,60) = 23.0, P < 0.001). Fig. 1 shows that rats spent 
significantly more time in exploring the new object than 
the familiar object when the intertrial time was 1 h, but not 
when it was 24 h. 

In experiment 2, apamin did not significantly modify the 
total exploration time in Tl and T2 (see Table 1). Fig. 2 A 
shows that apamin increased the difference of exploration 
time between the new object and the familiar object in T2 
(F(3,90) = 3.5, P < 0.05). This effect was statistically 
significant for' the dose of 0.4 mg/kg but not for the 
doses of 0.1 and 0.2 mg/kg. 

In experiments 3 and 4, apamin administered either just 
after Tl or before T2 did not significantly modify the total 
exploration time on T2 (see Table 2). Fig. 2B,C shows that 
apamin did not modify the difference of exploration time 
between the new object and the familiar object in T2 
(experiment 2: F(2,60) = 0.7, ns; experiment 3: 
F(3,108) = 2.0, ns). 

Our results show that rats spend more time in exploring 
a new object than a familiar object when the interval 
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Apamin 0.4 nig/kg C 



Fig. 2. Effect of apamin on object di 
*P < 0.01. 



e made 30 min before Tl (A), just after Tl (B) and 30 min before T2 (C). 



between the sample trial and the choice trial is 1 h, but not 
if the interval is 24 h. This finding, in agreement with 
results obtained by other authors [1,3] indicates that rats 
recognize the familiar object 1 h after its presentation, but 
not 24 h after. 

Rats that received apamin before the sample trial were 
able to recognize the familiar object 24 h after. Since 
apamin was without effect when administered either just 
after the sample trial or before the choice trial, a possible 
explanation of our results is that apamin could improve 
acquisition of the information, but has no effects on mem- 
ory processes that occur just after acquisition and does not 
influence the restitution of information. It has been shown 
that apamin induces hypermotility. Thus, it can be postu- 
lated that the promnesic effect of apamin could be second- 
ary to an effect on motor and/or sensory behaviors. How- 
ever, the hypermotility has been observed in mice after 
intralumbar or intraventricular microinjections of doses 
of apamin that induce severe signs of poisoning [6], or 
in rats after microinjections in A10 region [16]. Further- 
more, in the present study, apamin did not induce any 
significant increase in the total exploration time, and we 
recently found that apamin induces a slight but significant 
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an ( ± SEM) of total exploration time on T2 
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(mg/kg) 






T2 (s) 


Experiment 3 












32 


4.57 ± 1.32 


0.2 




15 


4.13 ± 1.54 


0.4 




16 


6.00 ± 0.51 










Saline 




56 


6.46 ± 0.64 


0.1 




16 


5.69 ± 0.43 


0.2 




20 


5.15 ±0.40 


0.4 




20 


6.00 ± 0.88 



decrease of rat's activity in an actimeter (Deschaux and 
Bizot, manuscript in preparation). Thus, these results are 
not in favor of the hypothesis that apamin induces an 
hyperactivity that could explain its promnesic effect. 

This improvement of acquisition by pretraining injec- 
tion of apamin is consistent with results obtained by other 
authors [13]. Messier et al. found that pretraining injection 
of apamin increased the number of response emitted by 
mice subjected to a bar-pressing task during both training 
session and retention test taking place 24 h later. Never- 
theless, they also found that posttraining injection of apa- 
min increased the number of responses emitted at the 
retention test. This finding suggests that apamin facilitates 
memory processes taking place just after training. The 
apparent discrepancy between this finding and our results 
could be due to a difference in the type of memory required 
in the two tasks. The bar-pressing task could be considered 
as a pure reference memory procedure, since, information 
is useful for many trials and for the entire experiment [15]. 
In contrast, the object recognition task has been claimed to 
measure non-spatial working memory in the rat, with the 
characteristics of the episodic memory assessed in non- 
human primates by visual recognition tests [3,15]. Thus, 
the effect of apamin could reflect two different phenom- 
enons in the study of Messier et al. [1 3] and in our study. A 
facilitation of consolidation processes that takes place 
shortly after acquisition in a reference task could be rele- 
vant to explain the effect of apamin in the bar-pressing 
task, while our results could indicate that apamin improves 
only acquisition but has no effects on the other stages of 
memory, in a working memory task. The precise mechan- 
isms underlying the effects of apamin still need to be ana- 
lyzed more closely. It is hoped that further research will 
shed new light on the results we obtained. 

During the course of this investigation O.D. was sup- 
ported by a grant from the DRET/CNRS. The authors wish 
to thank Dr. O. Bergis for his helpful scientific and tech- 
nical advice. 
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Abstract 

We investigated the effects of acute i.p. injections of the Ca 2 """-dependent K + channel blocker, apamin, on water maze spatial 
navigation, Y-maze and passive avoidance behavior in intact and medial septal-lesioned mice. Apamin 0.02, 0.06 or 0.2 mg/kg (i.p.) 
administered 30 min before or immediately after the training did not affect the performance of intact mice. Apamin 0.02 or 0.06 mg/kg 
(i.p.) administered immediately after the daily training did not affect the performance of medial septal-lesioned mice. Apamin 0.02 and 



0.06 mg/kg (i.p.) administered 30 min before daily training reversed the navigation failure present i 
the initial and reversal learning stages of the water maze task. Apamin had no effect on the cognitn 
avoidance tests. The results indicate that blockade of Ca 2 + -dependent K + channels may facilit; 
performance, but has no effect on consolidation, inhibitory avoidance and spontaneous alternatior 
Science B.V. 

Keywords: Septal lesion; Medial; Apamin; K + channel, Ca 2 + -dependent; Spatial navigation; Reversal learning; Memory; (Mouse) 



medial septal-lesioned mice during 
i performance in Y-maze or passive 
te acquisition of spatial navigation 
behavior in mice. © 1998 Elsevier 



1. Introduction 

Apamin is a neurotoxin extracted from bee venom, 
which specifically inhibits a particular class of Ca 2 "'"-de- 
pendent K + channels. These channels are characterised by 
their relatively high sensitivity to intracellular Ca 2+ con- 
centration, lack of voltage dependence and small conduc- 
tance (Dreyer, 1990; Habermann, 1984; Lazdunski et al., 
1988; Strong, 1990), and they are involved in the genera- 
tion of slow afterhyperpolarization that occurs subse- 
quently to the action potential in many excitable cells 
(Kawai and Watanabe, 1986). In mice and rats, apamin at 
high doses produces signs of poisoning such as tremors, 
ataxia and lethal respiratory insufficiency (Lallement et al., 
1 995). There are many apamin binding sites in some of the 
brain areas implicated in learning and memory processing 
such as the septum, the hippocampal formation, cingulate 
cortex and the anteroventral thalamic nuclei (Mourre et al., 
1986; Gehlert and Gackenheimer, 1993). Apamin has been 



shown to block the slow afterhyperpolarization and in- 
crease the firing of cholinergic neurons in a slice prepara- 
tion of the medial septum-diagonal band region (Matthews 
and Lee, 1991), suggesting that drugs acting via Ca 2+ -de- 
pendent K + channels may modulate cholinergic function. 

Recent pharmacological studies have revealed that 
blockade of Ca 2+ -dependent K + channels may stimulate 
some forms of memory and learning in rodents. Apamin 
administered before or after the training has been shown to 
facilitate memory processes in appetitively-motivated bar- 
pressing response in mice (Messier et al., 1991). Another 
study (Deschaux et al., 1997) showed that apamin can 
improve learning in an object recognition task in rats. 
Injections of apamin before the training were shown to be 
effective, but injections after the training were ineffective. 
Moreover, apamin increases the expression of immediate 
early genes c-fos and c-jun in the hippocampal formation 
induced by learning (Heurteaux et al., 1993). These imme- 
diate early genes are thought to be involved in the activa- 
tion of neurons during the memory process, and some 
studies have reported the induction of c-fos gene in dentate 
gyrus following the induction of long term potentiation 
(Dragunow et al., 1989). This finding suggests that a 
blocker of Ca 2+ -dependent K + channels could modulate 
memory via these immediate early genes. 
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Medial septal-lesioning causes a cholinergic deficit, 
which removes most of the cholinergic input to the hip- 
pocampus. This defect can be used as a model for the 
degeneration of the cholinergic cells (Hagan and Morris, 
1988; Riekkinen et al., 1997), thought to be associated 
with the development of cognitive disorders in Alzheimer's 
disease (Dunnett et al., 1991; Fibiger, 1991; Bowen et al., 
1992; Dunnett and Fibiger, 1993). The most common 
approach to treat this cognitive defect has been to use 
cholinesterase inhibitors, such as tacrine and metrifonate. 
Tacrine is already being used for treatment for human 
patients with Alzheimer's disease, and metrifonate has 
been shown to be effective in reversing the cognitive 
defect present in medial septal-lesioned rats (Riekkinen et 
al., 1996) and mice (our unpublished results). 

In order to study further the role of Ca 2+ -dependent K + 
channels in memory processing, we investigated the effects 
of apamin on the performance of young mice in the Morris 
water maze, Y-maze and passive avoidance tasks. We also 
wanted to study the possible therapeutic role of potassium 
channel inhibitors in cognitive disorders associated with a 
cholinergic deficit, and therefore in addition to intact mice, 
we also studied the effects of apamin on memory failure 
induced by medial septal-lesion in mice. Medial septal-le- 
sioning impairs spatial learning, which disrupts the perfor- 
mance in the Morris water maze (Hagan and Morris, 1988; 
Riekkinen et al., 1997). In order to characterise the differ- 
ent cognitive processes modulated by apamin, we studied 
the action of this drug on acquisition of spatial reference 
and reversal memory in the water maze, on spontaneous 
alternation behavior in a Y-maze, and on passive avoid- 
ance performance. Spontaneous alternation behavior is 
supposed to reflect a primitive form of spatial working 
memory. 

2. Materials and methods 

2.1. Animals 

Young (3-4-month-old; n = 151) female 
C57BL/6J//Kuo mice were used in the present study. 
The mice were housed five per cage, except the sham- and 



medial septal-lesioned mice, which were housed one per 
cage. The environment conditions were controlled and 
constant (21 ± 1°C, humidity at 50 ± 10%, light period 
0700-1900). Food and water were available ad libitum. 
The study plan was approved by the municipal government 
of Kuopio county. 

2.2. Drugs 

Apamin (Sigma) was dissolved in NaCl 0.9% and in- 
jected intraperitoneally (i.p.) at 0.02, 0.06 and 0.2 mg/kg 
(10 ml/kg). Controls received vehicle injections of equal 
volume. The groups received two injections: 30 min before 
and immediately after the daily water maze, Y-maze or 
passive avoidance training. No drug or vehicle injections 
were given during the passive avoidance testing day. De- 
tails of the treatment groups are presented in Table 1 . 

2.3. Surgery 

Medial septal (A: 0.9 mm, M: 0.0 mm, D: -4.7 mm; 
relative to the bregma) lesions were made by passage of an 
anodal DC current (1 mA, 15 s) via tungsten electrodes 
(diameter 0.0625 mm, 0.5 mm tip uninsulated). Sham-le- 
sioned mice were treated identically, but no current was 
applied. Mice were deeply anaesthetised with a 1:1 mix- 
ture of Dormicum (Roche) and Hypnorm (Janssen Pharma- 
ceutica) (s.c.) during the operations and for analgesia the 
mice were given a 0.1 mg/kg injection of buprenorfin 
(Temgesic; Reckitt and Colman) (s.c.) after the surgery. 
The mice were allowed to recover from the surgery for 2 
weeks before starting the first experiments. 

2.4. Water maze 

We used a black plastic circular pool, diameter 120 cm, 
and a black painted stainless steel square platform; 14 X 14 
cm, 1.0 cm below the water line. The pool was divided 
into three annuli of equal surface area, and the submerged 
escape platform was always in the middle annulus. The 
starting locations, which were labelled North, South, East 
and West, were located arbitrarily on the pool rim (Riek- 
kinen et al., 1990). The timing of the latency to find the 



Table I 

The number of mice in each treatm ent group 

Vehicle Ap amin (mg/kg) 

0.02 0.06 0.2 



Before the daily training intact (3.1.) 9 

sham (3.2.) 10 

ms-lesioned (3.2.) 9 

ms-lesioned(3.3.) 7 

After the daily training intact (3.1.) 10 

ms-lesioned (3.4.) 7 



ice that received the apamin or vehicle injections 30 min before the daily training received also a vehicle injection immediately 
j, and the mice that received the apamin or vehicle injections immediately after the daily training, received also a vehicle tnjection 30 
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submerged platform was started and ended by the experi- 
menter. A computer connected to an image analyser (HVS 
Image, Hampton, UK) monitored the swim pattern. Mice 
were placed in the water with their nose pointing towards 
the wall at one of the starting points in a random manner. 
If the mouse failed to find the platform in the maximum 
time, it was placed there by the experimenter. Mice were 
allowed to stay on the platform for 5 s. A 30-s recovery 
period was allowed between the training trials. The tem- 
perature of the water was kept constant throughout the 
experiment (20.5 ± 0.5°C). 

The training schedule consisted of 8 consecutive days 
of testing. Four platform trials of 60 s were assessed per 
day during the first 5 training days. The platform location 
was kept constant (the Southwest quadrant) during this 
period of training. On the sixth day the platform was 
removed from the pool and the mice were allowed to swim 
for 50 s. Immediately after this spatial bias test, the 
platform was placed in the Northeast quadrant and five 50 
s platform trials were assessed. The schedule on the sev- 
enth day consisted also of five 50 s platform trials (plat- 
form in the Northeast quadrant). The water maze experi- 
ment was finished on the eighth day with a spatial bias test 
(a 50 s trial without the platform). During the platform 
training trial, the following parameters were measured: 
escape length, percentage of animals that found the plat- 
form and swimming speed. During the spatial bias test the 
number of counter crossings was measured. Counter cross- 
ing was defined as crossing a circular area, in which the 
platform had previously been located, and which was three 
times larger than the platform (radius =12.1 cm). 

2.5. Y-maze 

The Y-maze experiment was started 24 h after the water 
maze testing sessions. The Y-maze used in this experiment 
had black plastic walls that were 10 cm high. Its arms 
consisted of three compartments (10 cm X 10 cm) con- 
nected with 4 cm X 5 cm passages. The mouse was placed 
in one of the arm compartments and was allowed to move 
freely for 6 min without reinforcers. An arm entry was 
defined as the body of a mouse except for its tail com- 
pletely entering into an arm compartment. The sequence of 
arm entries was manually recorded. An alternation was 
defined as the entry into all three arms on consecutive 
choices. The number of maximum spontaneous alterna- 
tions was then the total number of arms entered minus 2, 
and the percent alternation was calculated as (actual alter- 
nations/maximum alternations) X 100. The test was run 
on two consecutive days (days 9-10). 

2.6. Passive avoidance 

Passive avoidance training trial was performed immedi- 
ately after the Y-maze trial on the tenth day. The passive 



avoidance box consisted of a lit and a dark compartment. 
During the training trial the mice were placed in the lit 
compartment and 30 s later the sliding guillotine door was 
opened. After the mice entered the dark compartment (the 
latency was measured), the door was closed and a foot 
shock of 0.1 mA (0.5 s) was given. Then the mice were 
returned to their home cage and 24 h later they were again 
placed in the lit compartment during the testing trial and 
the latency to enter the dark compartment was measured 
(900 s maximum latency). The final latency was defined as 
a difference between the latencies on the first and the 
second day. 

2.7. Histology 

After the passive avoidance testing trial, the lesioned 
mice were decapitated. The brains of the mice were re- 
moved and immersed for 1-2 days in 4% formaldehyde 
solution. Fifty-micrometer sections were cut with a vi- 
bratome and the sections were stained. The medial septum 
area was stained with cresyl fast violet to see the position 
of the lesion. The hippocampal sections were stained with 
acetylcholinesterase staining (Hedreen et al., 1985; butyl- 
cholinesterase inhibitor was included in the assay mixture) 
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Fig. 1. Administration of apamin 0.02, 0.06 and 0.2 mg/kg 30 min 
before (a) or immediately after, (b) the daily training had no effect on 
reference memory or reversal learning, as there were no group differences 
in the number of found platforms. In both panels, the *-axis indicates the 
reference memory training days 1-5 (fixed platform location) and rever- 
sal learning days 6-7 (reversal of the platform location). The values are 
daily group means. 
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in order to confirm the decrease of acetylcholine-contain- 
ing fibers in hippocampus. 

2.8. Statistics 

We evaluated the effect of the drugs on water maze 
escape distance and speed using analysis of variance for 
repeated measurements. We evaluated the effect of the 
drugs on the ability of the mice to find the water maze 
platform and the latencies in passive avoidance using 
Mann-Whitney test for two independent samples. The 
Bonferroni correction was used with analysis of variance 
and Mann-Whitney U-test. For analysis of the activity in 
Y-maze we used a one-way analysis of variance followed 
by Scheffe's post-hoc multiple group comparison. 



3. Results 

3.1. Intact mice; apamin administered before and after the 
daily training 

3.1.1. Water maze 

During the first 5 training days, apamin treatment ad- 
ministered before (0.02, 0.06 and 0.2 mg/kg) or after 
(0.02, 0.06 and 0.2 mg/kg) the daily training had no effect 
on the number of found platforms (P>0.05) (Fig. 1), 
escape distance (Data not shown) or swimming speed 
(group: F(3,35)/(3,36)< 1.09, P>0.05, for all compar- 



isons) (speed, apamin administered before the daily train- 
ing: vehicle: 16.8+1.6; 0.02 mg/kg: 17.2 ±4.0; 0.06 
mg/kg: 17.6 ± 3.0; 0.2 mg/kg: 18.1 ± 2.5; speed, apamin 
administered after the daily training: vehicle: 18.3 ±3.9; 
0.02 mg/kg: 18.1 ± 3.4; 0.06 mg/kg: 16.8 ±2.0; 0.2 
mg/kg: 18.9 ±2.9; group mean±S.D.). There were no 
group differences in counter crossings during the first bias 
assessment (F(3,35)/(3,36) < 3.018, P > 0.042, Scheffe's 
test: P > 0.05) (counter crossings, apamin administered 
before the daily training: vehicle: 2.78 ± 1.39; 0.02 mg/kg: 
2.1 ± 1.85; 0.06 mg/kg: 1.9 ± 1.6; 0.2 mg/kg: 1.6 ± 1.43; 
counter crossings, apamin administered after the daily 
training: vehicle: 2.30 ±1.42; 0.02 mg/kg: 3.0 ±2.11; 
0.06 mg/kg: 1.40 ± 1.17; 0.2 mg/kg: 1.00 ± 1.70; group 
mean ± S.D.) 

During the platform reversal stage on days 6 and 7, 
apamin treatment before or after the daily training had no 
effect on the number of mice that found the platform 
(P > 0 05) (Fig. 1), escape distance (Data not shown) or 
swimming speed (group: F(3,35)/(3,36) < 1.73, P > 0.05, 
for all comparisons) (speed, apamin administered before 
the daily training: vehicle: 16.0 ±3.3; 0.02 mg/kg: 17.0 
±4.1; 0.06 mg/kg: 18.8 ± 2.8; 0.2 mg/kg: 17.3 ± 3.2; 
speed, apamin administered after the daily training: vehi- 
cle: 13.7 ±4.5; 0.02 mg/kg: 15.5 ±4.9; 0.06 mg/kg: 
12.9 ±3.2; 0.2 mg/kg: 16.1 ± 3.7; group mean ± S.D. 
cm/s). During the second bias assessment measured on 
the eighth testing day, there were no differences in counter 
crossings (F(3,35)/(3,36) < 1.175, P > 0.05, for all com- 
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parisons) (counter crossings, apamin administered before 
the daily training: vehicle: 3.89 ± 2.76; 0.02 mg/kg: 4.00 
± 2.49; 0.06 mg/kg: 4.1 ± 2.85; 0.2 mg/kg: 3.6 ± 2.72; 
counter crossings, apamin administered after the daily 
training: vehicle: 4.50 ±2.80; 0.02 mg/kg: 4.20 ± 2.20; 
0.06 mg/kg: 2.80 ± 1.99; 0.2 mg/kg: 4.50 ± 2.42; group 
mean ± S.D.). 

3 12 Y-maze and passive avoidance 
' Apamin administered before or after the daily training 
had no effect on total moves or percent alternation during 
either of the testing days in Y-maze (F(3,35)/(3,36) < 
2.642, P > 0.05, for all comparisons) (Table 2). In passive 
avoidance there were no group differences in the latency to 
enter the dark compartment during the training day (P> 
0.05) (Table 2). Apamin 0.02 mg/kg administered before 
the training day increased the difference between the entry 
latency during the testing and training day (P = 0.017). In 
contrast, apamin administered after the daily training had 
no effect on passive avoidance (P> 0.05) (Table 2). 

3.2. Medial septal-lesioned groups; apamin administered 
before the training; I 

3.2.1. Water maze 

A comparison between the sham-lesioned group and the 
medial septal-lesioned-vehicle group showed a clear im- 
pairment in platform finding {P = 0.000) (Fig. 2a) and 
escape length (F(l,17) = 23.77, P = 0.000) (Fig. 2b) dur- 
ing the first 5 days. The 0.06 mg/kg dose of apamin 
decreased the escape length significantly compared to the 
medial septal-lesioned-vehicle group (F(l,15) = 14.44, P 
= 0.006). Apamin 0.06 mg/kg also increased the number 
of found platforms (P= 0.018 vs. medial septal-lesioned- 
vehicle group). However, apamin 0.06 mg/kg did not 
reverse the navigation failure present in medial septal-le- 
sioned mice completely, as the group's performance was 
also impaired when compared with the sham-lesioned group 
(number of found platforms: P =0.001)). Escape length, 
however, was not impaired (F(l,16) = 1.00, P>0.05). 
The apamin 0.2 mg/kg had no effect on escape length 
(F(l,15) = 0.31, P > 0.05) or the ability to find the plat- 
form' ( P > 0.05) compared to the medial septal-lesioned- 
vehicle group. There were no group differences in swim- 
ming speed during the first 5 days (group: F(3,31) = 2.19, 
P>0.05) (Sham: 21.5 ±3.5; vehicle: 19.2 ± 3.0; 0.06 
mg/kg: 17.8 ±4.0; 0.2 mg/kg: 18.6 + 2.0; group mean 
±S.D. cm/s) between the groups. On the sixth day, 
during the spatial bias test, no group differences were 
observed in counter crossings (F(3,3l) = 0.507, P > 0.05) 
(Sham: 6.10 ±2.73; vehicle: 5.00 ±1.32; 0.06 mg/kg: 
5.25 ± 2.87; 0.2 mg/kg: 5.00 ± 1.69; group mean ± S.D.). 

During the platform reversal, the vehicle- and apamin 
0.2 mg/kg treated medial septal-lesioned mice were not as 
effective in escaping from the pool compared to the sham- 
lesioned group: there were differences in the number of 



FOUND PLATFORMS 




Fig 2 Administration of apamin 0.06 mg/kg 30 min before the daily 
training alleviated the navigation failure present in medial septal-lesioned 
mice during both reference memory and reversal learning days by in- 
creasing the percentage of found platforms (a) and decreasing the escape 
length (cm) (b). In both panels, the X-axis indicates the reference 
memory training days 1-5 (fixed platform location) and reversal learning 
days 6-7 (reversal of the platform location). The values are daily group 



found platforms (vehicle or apamin 0.2 mg/kg treated 
medial septal-lesioned vs. sham-lesioned group: P = 0.000) 
(Fig. 2a) and in the escape length ((group: F(3,3 1) = 1 1.65, 
P = 0 000> vehicle treated medial septal-lesioned vs. 
sham-lesioned group: (F(l,17) = 19.73, P = 0.001); 
apamin 0.2 mg/kg treated medial septal-lesioned vs. 
sham-lesioned group: (F(l,16) = 24.38, P = 0.001)) (Fig^ 
2b) However, apamin 0.06 mg/kg treatment decreased 
the escape length (F(l,15) = 23.80, F= 0.000) and in- 
creased the probability of platform finding (P = 0.000) in 
medial septal-lesioned mice. Indeed, there was no signifi- 
cant difference between the 0.06 mg/kg treated medial 
septal-lesioned group and the sham-lesioned group in es- 
cape length (F(l,16) = 0.27, P> 0.05) or in the number 
of found platforms (F> 0.05). There were no group dif- 
ferences in swimming speed during the platform reversal 
trials (group: F(3,3l) = 0.71, P> 0.05) (Sham: 21.0 ± 4.6; 
vehicle: 20.0 ± 2.8; 0.06 mg/kg: 18.3 + 6.3; 0.2 mg/kg: 
21 .0 ± 2.4; group mean ± S.D. cm/s) between any of the 
groups. On the eighth day, during the spatial bias test, no 
group differences were observed in counter crossings 
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Fig. 3. Administration of apamin 0.02 mg/kg 30 min before the daily 
training alleviated the navigation failure present in medial septal-lesioned 
mice during reference memory training days by increasing the percentage 
of found platforms (a) and decreasing the escape length (cm) (b). In both 
panels, the X-axis indicates the reference memory training days 1-5 
(fixed platform location). The values are daily group means. 



(F(3,31) = 3.01, P = 0.045, Scheffe's test: P>0.05) 
(Sham: 6.60+ 1.90; vehicle: 4.00 ±1.80; 0.06 mg/kg: 
5.13 + 3.23; 0.2 mg/kg: 4 - 13 ± U3 i g rou P mean ± SJD ^ 

3.2.2. Y-maze and passive avoidance 

During the first day in Y-maze all the medial septal-le- 
sioned groups made significantly less total moves than the 
sham-lesioned group (F(3,31) = 9.432, P = 0.000). How- 
ever, the percentage alternation was not affected (F(3,31) 
= 0.899, P> 0.05) (Table 2). During the second day in 
Y-maze there were no longer any group differences in total 
moves or percent alternation (F(3,31) < 2.252, P > 0.05) 
(Table 2). 

The major proportion of medial septal-lesioned mice 
refused to enter the dark compartment already on the 
training day of passive avoidance test. The latency was 
greatest in medial septal-lesioned-vehicle group (P = 0.001 
vs. sham-lesioned) and medial septal-lesioned-apamin 0.2 
mg/kg group (P = 0.002 vs. sham-lesioned). The apamin 
0.06 mg/kg treatment decreased the latencies on the train- 
ing day compared to the medial septal-lesioned-vehicle 
group (P = 0.021) (Table 2). After the testing day, it was 
observed that there were no group differences in the 
difference between the latencies to enter the dark compart- 



ment on the testing day and the training day (P> 0.05) 
(Table 2). 

3.3. Medial septal-lesioned mice; apamin administered 
before the training; II 

3.3.1. Water maze 

Administration of apamin 0.02 mg/kg increased the 
number of mice that found the platform (P = 0.021) (Fig. 
3a) and it also decreased the escape length (F(l,l 1) = 5.98, 
P = 0.033) (Fig. 3b). There were no group differences in 
swimming speed (F(l,ll) = 0.41, P>0.05) (vehicle: 17.0 
± 3.1; 0.02 mg/kg: 15.6 ± 4.8; group mean ± S.D. cm/s). 
There were no group differences in counter crossings 
(F(l,ll) = 0.406, P>0.05) (vehicle: 5.00 ± 2.24; 0.02 
mg/kg: 4.17 ± 2.48; group mean ± S.D.) during the bias 
assessment measured on the sixth day of the water maze 
training. 

3.4. Medial septal-lesioned mice; apamin administered 
after the training 

3.4.1. Water maze 

Administration of apamin had no effect on the number 
of found platforms (P > 0.05) (Fig. 4a). There was an 
overall group difference in escape length (group: F(2,21) 
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Fig. 4. Administration of apamin 0.02 and 0.06 mg/kg immediately after 
the daily training did not affect the number of found platforms (a) or 
escape length (cm) (b). In both panels, the X-axis indicates the reference 
memory training days 1-5 (fixed platform location). The values are daily 
group means. 



S. Ikonen et at. / European Journal of Pharmacology 347 (1998) 1 3-2 1 



= 4.38, P = 0.026) (Fig. 4b), but neither of the apamin- 
treated groups differed significantly from the vehicle group. 
In addition, the apamin 0.06 mg/kg group swam faster 
than the medial septal-lesioned- vehicle group (F(l,14) = 
12.31, P = 0.003) (vehicle: 17.0 + 3.1; 0.02 mg/kg: 16.9 
± 5.0; 0.06 mg/kg: 21.5 ± 2.0; group mean ± S.D. cm/s). 
There were no group differences in counter crossings 
(F(2,21)= 1.225, P>0.05) (vehicle: 5.00 ±2.24; 0.02 



mg/kg: 3.50 ±2.73; 0.06 mg/kg: 4.89 ±1.27; group 
mean ± S.D.) during the bias assessment measured on the 
sixth day of the water maze training. 
3.5. Histology 

The locations of the lesions in medial septal-lesioned 
mice were confirmed by studying the cresyl fast violet 
-stained sections (Fig. 5a). The decrease of acetylcholine- 





Fig. 5. (a) Cresyl violet staining of a coronal section containing medial septal-lesion site. An arrow indicates the location of the 
Acetylcholinesterase staining of a coronal hippocampal section of an intact mouse, (c) Acetylcholinesterase staining of a coronal hippocampal 
medial septal-lesioned mouse. 



S. Ikonen el al. / European Journal of Pharmacology 347 (1 998) 1 3-1 



20 

containing fibers in hippocampus was confirmed by acetyl- 
cholinesterase staining (Fig. 5, panels b and c). 



4. Discussion 

We described that in intact mice administration of 
apamin (0.02-0.2 mg/kg) before or after the training had 
no effect on water maze or Y-maze performance, but 
apamin 0.02 mg/kg at one dose administered before the 
training increased passive avoidance entry latency during 
the testing trial. 

Previously, it has been shown that apamin could facili- 
tate memory processing in a appetitively-motivated bar- 
pressing response task in intact mice. In the report of 
Messier et al., administration of apamin before the training 
at a dose of 0.2 mg/kg accelerated the acquisition of a 
bar-pressing response, but also increased the bar-pressing 
rates. Doses of 0.1 and 0.4 mg/kg were not effective. 
Administration of apamin at a dose of 0.2 mg/kg after the 
training also facilitated the memory process (Messier et al., 
1991). In another article by Deschaux et al. (1997), apamin 
improved learning in an object recognition task in intact 
rats at a dose of 0.4 mg/kg. Doses of 0.1 mg/kg and 0.2 
mg/kg were not effective, and apamin was also ineffective 
when administered after the training (Deschaux et al., 
1997). We observed that apamin 0.02 mg/kg administered 
before the training trial increased passive avoidance entry 
latency. However, several non-mnemonic factors, such as 
altered sensitivity to foot shock, may affect passive avoid- 
ance performance. Indeed, the effects of apamin on pain 
threshold has not been studied and it is possible that the 
increased testing trial entry latency may have resulted from 
non-cognitive factors. One explanation for the failure of 
apamin to alter water maze and Y-maze performance 
might be, that these tests were too easy for intact mice, 
i.e., there may have been a ceiling effect. On the other 
hand, the tests used in this and previous studies probably 
impose different mnemonic demands, which could also 
explain the lack of effect of apamin in intact mice in our 
study. Indeed, water maze measures spatial reference 
memory and Y-maze contains a spatial working memory 
component. In contrast, the previous studies by Messier et 
al. (1991) and Deschaux et al. (1997) employed tests that 
do not require spatial memory. 

We report here, that pretraining injections of apamin 
can markedly stimulate water maze behaviour of medial 
septal-lesioned mice. The effective doses were 0.06 mg/kg 
and 0.02 mg/kg. The 0.2 mg/kg dose, however, was 
ineffective, which may be a reflection of the possible toxic 
side-effects (Lallement et al., 1995). The lack of any effect 
of injections of apamin after the daily training trials on 
performance in Morris water maze raises the possibility 
that apamin does not enhance formation of spatial mem- 
ory, but influences some other factor which modulates 
escape performance, such as anxiety, arousal, attention or 



motor behaviour. Indeed, the effects of apamin on these 
functions are largely unexplored. However, some of the 
present results tentatively suggest that apamin can stimu- 
late cognitive processes in medial septal-lesioned mice. 

First, the effects of apamin on locomotor activity and 
accuracy of the learning performance did not occur in the 
same behavioural tests used in this study. Apamin had no 
effect on swimming speed in water maze, suggesting that 
changes in motor activity do not account for the beneficial 
effect of apamin on spatial navigation. In contrast, apamin 
actually decreased the hypoactivity of medial septal-le- 
sioned mice in Y-maze and passive avoidance tests, but 
produced no obvious cognitive improvement in these tests. 

Second, we observed that the learning curves of apamin 
and vehicle treated mice started from the same level, but 
the drug treated group had a steeper learning curve. In- 
deed, an increase in the slope of the learning curve is 
classically interpreted as an improvement of memory for- 
mation. In addition, apamin treatment alleviated the defect 
observed during platform reversal in medial septal-le- 
sioned mice, showing that the effect is not limited to one 
learning event in the spatial memory test. However, re- 
trieval of previously learned spatial information was not 
stimulated by apamin treatment in medial septal-lesioned 
mice. Furthermore, apamin had no effect on spontaneous 
alternation behavior, a primitive measure of working mem- 
ory, in Y-maze or passive avoidance functions, suggesting 
that the mechanisms underlying acquisition of spatial refer- 
ence memory engrams may be especially amenable to the 
modulation of the function of Ca 2 + -dependent K + chan- 
nels. 

The bias assessments on days 6 and 8 showed no 
significant differences between any of the sham-lesioned 
or medial septal-lesioned groups, even though there was a 
clear difference in platform finding and escape length. This 
may be due to a different search strategy of mice com- 
pared to rats who generally show a close correlation 
between reduced escape length and the bias performance 
(Morris, 1984; Riekkinen et al., 1997). Indeed, we have 
found that in rats a medial septal-lesion increases escape 
distance and reduces bias, and metrifonate, a cholinesterase 
inhibitor, can alleviate both changes (Riekkinen et al., 
1997). In contrast, in mice, a medial septal lesion increased 
only escape distance, but had no effect on bias (Ikonen et 
al., unpublished). Furthermore, metrifonate reduced escape 
distance, but had no effect on spatial bias in mice (Ikonen 
et al., unpublished results). Therefore, it is possible that 
mice are not as sensitive as rats in developing bias in the 
water maze. 

In conclusion, apamin alleviated the acquisition defect 
during reference memory testing in medial septal-lesioned 
mice and it had no effect on inhibitory avoidance or 
spontaneous alternation behavior in the Y-maze. The pre- 
sent and previous results (Deschaux et al., 1997; Messier 
et al., 1991) indicate that blockade of Ca 2+ -dependent K + 
channels may facilitate reference memory function. 
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Activity-dependent changes in neuronal excitability and synap- 
tic strength are thought to underlie memory encoding. In hip- 
pocampal CA1 neurons, small conductance Ca 2 + -activated 
K + (SK) channels contribute to the afterhyperpolarization, af- 
fecting neuronal excitability. In the present study, we examined 
the effect of apamin-sensitive SK channels on the induction of 
hippocampal synaptic plasticity in response to a range of stim- 
ulation frequencies. In addition, the role of apamin-sensitive SK 
channels on hippocampal-dependent memory encoding and 
retention was also tested. The results show that blocking SK 
channels with apamin increased the excitability of hippocampal 
neurons and facilitated the induction of synaptic plasticity by 
shifting the modification threshold to lower frequencies. This 



facilitation was NMDA receptor (NMDAR) dependent and ap- 
peared to be postsynaptic. Mice treated with apamin demon- 
strated accelerated hippocampal-dependent spatial and non- 
spatial memory encoding. They required fewer trials to learn the 
location of a hidden platform in the Morris water maze and less 
time to encode object memory in an object-recognition task 
compared with saline-treated mice. Apamin did not influence 
long-term retention of spatial or nonspatial memory. These data 
support a role for SK channels in the modulation of hippocam- 
pal synaptic plasticity and hippocampal-dependent memory 
encoding. 

Key words: synaptic plasticity; Ca z+ -activated K + channels; 
excitability; hippocampus; spatial memory; object memory 



In hippocampal pyramidal neurons, action potentials are fol- 
lowed by an afterhyperpolarization (AHP) with three kinetic 
components. The predominant components, the medium AHP 
(mAHP) and slow AHP (sAHP), are attributable to the activation 
of small conductance C a 2+ -activated K + (SK) channels (Blatzand 
Magleby, 1986; Lancaster and Nicoll, 1987; Storm, 1990; Sah, 1996; 
Stacker et al., 1999). In addition to their different kinetics, the 
mAHP and the sAHP can be pharmacologically distinguished 
because apamin blocks the mAHP but not the sAHP (Kohler et al., 
1996; Sah and Clements, 1999; Stacker et al., 1999). Apamin, a 
peptide derived from bee venom, is a highly selective blocker of 
SK channels, having no other known targets (Garcia et al., 1991). 
In CA1 neurons, synaptic activation may induce Ca 2+ influx 
through NMDA receptors (NMDARs) (Alford et al., 1993; 
Kovalchuk et al., 2000), as well as through voltage-gated Ca 2+ 
channels (Magee and Johnston, 1995). Synaptic activation of a 
Ca 2 '' -dependent K" 1 " current resembling the / sA , n > reduces 
postsynaptic excitability in response to high-frequency synaptic 
input (Lancaster et al., 2001). 

Multiple forms of synaptic plasticity occur at the Schaffer 
collateral CA1 synapses, including long-term potentiation (LTP) 
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and long-term depression (LTD) (Malenka and Nicoll, 1993). 
Essential for these processes is the influx of Ca 2+ through 
NMDARs and the consequent rise in cytosolic Ca 2+ (Lynch et 
al., 1983; Brocher et al., 1992; Malenka et al., 1992; Mulkey and 
Malenka, 1992). The magnitude of the rise in cytosolic Ca 2+ , as 
determined by the degree and pattern of NMDAR activation, 
distinguishes whether a synapse undergoes LTP or LTD. Trains 
of afferent stimuli capable of inducing synaptic plasticity cause a 
summation of EPSPs that generate action potentials. The conse- 
quent increases in intracellular Ca 2+ may activate SK channels; 
thus SK channels may represent a mechanism for modulating the 
induction of synaptic plasticity. Using a single stimulus frequency 
(100 Hz for 1 sec or 5 Hz for 3 min) (Behnisch and Reymann, 
1998; Norris et al., 1998; Foster, 1999), the magnitude of LTP 
induced in the CA1 region was increased by extracellular appli- 
cation of apamin. The present experiments investigated whether 
SK channels modulate the threshold for synaptic plasticity as 
denned by the frequency-response function (Bear, 1995) and the 
mechanism through which such a modulation may occur. By using 
a wide range of stimulation frequencies, the results show that SK 
channel activity modulated the threshold for the induction of 
synaptic plasticity through a postsynaptic mechanism that re- 
quired NMDAR activation. 

SK channel blockade has been shown to (1) facilitate 
hippocampal-independent learning (Messier et al., 1991; Fournier 
et al., 2001) and (2) enhance spatial memory in hippocampal- 
lesioned mice but not in intact mice (Ikonen et al., 1998; Ikonen 
and Riekkinen, 1999). Differences in behavioral paradigm and 
the precise memory process addressed complicate the literature 
concerning the cognitive effects of apamin in rodents. Based on 
our electrophysiological findings, hippocampal-dependent tests 
were specifically modified to examine the effects of apamin on the 
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initial stages of memory encoding. The data demonstrate that 
apamin facilitated spatial and nonspatial memory encoding in 
C57BL/6 mice. 

MATERIALS AND METHODS 

Elect rophysiology 

Hippocampal slices were prepared from 3- to 6-week-old male C57BL/ 
6NHsd mice (Harlan Sprague Dawley, Indianapolis, IN). Animals were 
anesthetized with halothane and decapitated. The cerebral hemispheres 
were quickly removed and placed in a partially frozen solution of artifi- 
cial CSF (ACSF) (in mM): 119 NaCl, 2.5 KCI, 1.2 MgSO„, 2.5 CaCl 2 , 1 
NaHPO„, 26.2 NaHCO,. and 10 glucose and equilibrated with 95% 0 2 
and s% CO.. Hippocampi were removed, placed on an agar block, and 
transferred to a slicing chamber containing a similarly partially frozen 
solution. Transverse hippocampal slices (300-500 ,im thick) were cut 
with a Vibratome tissue slicer. transferred into a humidified holding 
chamber, and allowed to recover for al hr before recordings were 
performed. The following drugs were used: apamin (Calbiochem, La 
Jolla, CA) and i>2 amino-5-phosphonovaleric acid (n-APV) (Tocris 
Cookson, Ellisville, MO). Extracellular field potentials were recorded m 
the stratum radiatum using electrodes (3-6 Mfl) filled with 3 m NaCf 
For whole-cell recordings, CA1 pyramidal neurons were visualized with 
a water-immersion objective (40X; Zeiss, Thornwood, NY) using a 
microscope equipped with infrared/differential interference contrast op- 
tics (Zeiss Axioskop 2FS) and a CCD camera (Sony, Tokyo, Japan). 
Whole-cell recording pipettes were fabricated from TW150F-4 thin-wall 
borosilicate glass (World Precision Instruments, Sarasota, FL) and had 
resistances of 1 5-3 MCI. Pipettes were filled with an intracellular solu- 
tion containing (in mM): 140 KMeS0 4 , 8 NaCI, 1 MgCl 2 , 10 HEPES, 2 
Me- ATP 0.4 Na,-GTP, and 20 ,i.M EGTA, pH 7.3, 290 mOsm. Slices 
■were continuously perfused with ACSF. Whole-cell, patch-clamp cur- 
rents were recorded with an Axopatch 200A amplifier (Axon Instru- 
ments Foster City CA), digitized using an 1TC-16 analog-to-digital 
converter (InstruTech, Port Washington, NY), and transferred to a 
computer using Pulse software (Heka Elektronik, Lambrecht/Pfalz, Ger- 
many). CA1 neurons were voltage clamped at -55 mV, and W tail 
currents were evoked by a depolarizing voltage command to +20 mV for 
200 msec followed by a return to -55 mV. Experiments on control slices 
were interleaved with those on experimental slices. Data were collected 
and analyzed online (10 kHz sampling rate) using IGOR (WaveTech, 
Lake Oswego, OR) and a program kindly donated by Dr. Greg Hjelm- 
stad (University of California San Francisco, San Francisco, CA). The 
maximal initial slope of the field EPSP was measured to monitor the 
strength of synaptic transmission, minimizing contamination by voltage- 
dependent events. Summary graphs were obtained by normalizing each 
experiment according to the average value of all points on the 10 min 
baseline, aligning the points with respect to the start of the (LTP and 
LTD) induction protocol, dividing each experiment into 1 min bins, and 
averaging these across experiments. The amount of potentiation or 
depression of the synaptic response was measured 40-50 mm after 
conditioning. Data are expressed as mean ± SEM, as a percentage of the 
baseline Student's t test and two-factor ANOVA were used to determine 
significance between groups of data; p < 0.05 was considered significant. 
Experiments were included in the data analysis only when LTP could be 
generated at the end of the experimental manipulation, ensuring that the 
ce of short-term potentiation oi 
:ntal manipulation. 



s attributable to the 



Morris water maze 

To assess hippocampal-dependent spatial learning and memory, naive 
male C57BL/6NHsd mice (4-6 weeks of age) were trained in a Morns 
water maze (Silva et al., 1998; Cho et al., 1999). Before the start of 
behavioral testing, mice were habituated over a 3 d period to daily 
handling and intraperitoneal injection. Over the following 2 d, all mice 
received nonspatial habituation trials (one trial per day). During these 
trials a clear Plexiglas platform (13 cm diameter) was placed in the 
center of a white polyethylene pool (60 cm high, 109 cm diameter), and 
floor-to-ceiling curtains were drawn around the pool to block the ani- 
mals' use of extra-maze cues. The platform was 1 cm below the surface 
of the water, and the water was rendered opaque by the addition of 
nontoxic white Tempra paint. Each mouse was placed on the platform for 
60 sec and then released into the pool at four locations adjacent to the 
platform and allowed to swim and climb onto the platform. 

Spatial training. After nonspatial habituation, mice were trained on the 



spatial (hippocampal-dependent) version of the water maze task. 1 rain- 
ing comprised 24 trials (four trials per day) during which the platform 
remained submerged 1 cm below the water surface in a fixed position in 
the center of one quadrant of the pool. During a given trial, the mouse 
was introduced into the pool at one of four possible start points (north, 
south, west, and east) and allowed 60 sec to swim to the platform. The 
order of start points varied in a pseudorandom manner for each mouse 
every day. After remaining on the platform for 30 sec, the mouse was 
placed into a holding cage for a 45 sec intertrial interval. Throughout 
water maze testing, the water temperature was maintained at 22-23°C. 
Each mouse received intraperitoneal apamin (0.4 mg/kg, 10 ml/kg; 
Calbiochem) or 0.9% saline (10 ml/kg) 30 min before the first training 
trial of each day. This dose of apamin was defined in pilot studies 
conducted to determine a dose that was behaviorally effective but that 
induced no motor or convulsive effects. 

Spatial memory testing. After the fourth, 12th, and 20th training trials, 
a probe test was conducted in which each mouse received a 30 sec free 
swim in the pool with the platform removed. Twenty-four hours after the 
final training trial (24th trial), each mouse received a 60 sec probe test of 
long-term retention. The behavior of the mice during training and probe 
tests was recorded with a computerized video tracking system (EthoVi- 
sion 2.2; Noldus, Leesburg, VA) and analyzed to determine the amount 
of time spent in each of the four quadrants of the water maze. 

Object recognition 

To assess the effects of apamin on nonspatial hippocampal-dependent 
memory, naive male C57BL/6NHsd mice (4-6 weeks of age) were tested 
in an object-recognition memory task (Vnek and Rothblat, 1996; Clark et 
al., 2000). Before object recognition testing, all mice were habituated to 
intraperitoneal injection and to the open-field arena (38 X 38 X 64 cm 
high) for 5 min each day for 3 d. During a subsequent sample session, two 
identical novel objects [Duplo or Lego blocks (Lego Company, Billund, 
Denmark), toys, etc.] were placed into opposite corners (southwest and 
northeast) of the open-field arena, and the mouse was allowed to explore 
the objects. Pilot studies revealed that C57BL/6 mice averaged 38 sec of 
exploration of either sample object during a 5 min sample session. For 
the present study, the object recognition task was modified to explicitly 
examine the influence of apamin on object memory encoding. 1o ma- 
nipulate encoding, mice were allowed to explore the sample objects until 
either 19 sec (minimal training) or 38 sec (extensive training) of object 
exploration had been accumulated. Twenty-four hours after the sample 
session a test session was conducted during which each mouse was placed 
back into the arena containing one of the familiar objects and a novel 
object for 5 min. The spatial position of the novel object was counter- 
balanced so that one-half of the mice experienced the novel object in the 
southwest corner of the open field, whereas the other half of the mice 
experienced the novel object in the northeast corner. After each session, 
all objects were cleaned with 10% ethanol to reduce the possibility that 
mice were imparting some odor cue to the objects that would influence 
object exploratory behavior during a subsequent test session. Pilot stud- 
ies were conducted to select objects that elicited equivalent degrees of 
exploration in mice. This is necessary to verify that naive mice exhibited 
no inherent preference for one object over the other. 

The behavior of each mouse was recorded using the EthoVision system 
and scored to determine the amount of time spent exploring each of the 
objects during each session. Object exploration was defined as any time 
that the mouse's head was oriented toward the object, was within 2-3 cm 
of the object, and its vibrissas were moving. Object recognition memory 
was quantified by measuring the difference in exploration times between 
the novel and familiar object. A novel object preference index, a ratio ot 
the amount of time spent exploring the novel object over the total time 
spent exploring both objects, was used to measure recognition memory. 
A novel object preference ratio of >0.5 indicates that the mouse spent 
more time exploring the novel object than the familiar one. 

RESULTS 

Apamin blocks SK channels underlying the mAHP and 
increases excitability 

CA1 neurons express an apamin-sensitive / mA ,,p ( F 'g- 
thought to be mediated by apamin-sensitive SK channels (Kohler 
et al., 1996; Stocker et al., 1999). Action potentials recorded in 
response to current injections showed that apamin (100 iim) 
increased the number of action potentials discharged in CA1 
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Time (min) 

Control and apat 
indicates baseline response \r\A-C. 

neurons (Fig. IB). Control cells fired an average ± SEM of 4.7 ± 
1.2 action potentials per depolarizing pulse (Fig. 1B1), which was 
increased to 6.7 ± 1.7 in the presence of apamin (Fig. IB2) (ti = 
5; p = 0.04; paired Student's t test). This result indicates that 
blockade of apamin-sensitive SK channels increases excitability. 
Such changes in excitability may influence the threshold for the 
induction of synaptic plasticity. 

Blocking SK channels facilitates the induction of 
synaptic plasticity 

To investigate the role of SK channels on the induction of syn- 
aptic plasticity at CA1 synapses, stimulation protocols that evoke 
LTP or LTD were delivered to mouse hippocampal brain slices in 
the presence or absence of apamin. Figure 2A shows the effect of 
apamin (100 nM) application on the ability of high-frequency 
stimulation (100 Hz applied twice for 1 sec, separated by 10 sec) 
to generate LTP. Equal extents of LTP were observed in control 
(164 ± 7%; n = 9 slices per 6 animals) and apamin-treated (165 ± 
6%; n = 10 slices per 6 animals) slices, showing that apamin does 
not alter the ability of high-frequency stimulation to induce 
robust LTP (p > 0.05; unpaired Student's / test). After a 50 Hz, 
0 5 sec stimulus, significantly more LTP was induced in the 
presence of apamin (125 ± 3%, n = 13 slices per 8 animals for 
apamin-treated slices; 106 ± 4%, n = 12 slices per 8 animals for 
control slices;/? < 0.05; unpaired Student's t test) (Fig. 2fl). Using 
a 25 Hz, 0.5 sec stimulus, LTP was not different in control and 
apamin-treated slices (120 ± 6%, n = 8 slices per 6 animals for 
apamin-treated slices; 109 ± 9%, n = 8 slices per 6 animals for 
control slices; p > 0.05; unpaired Student's r test) (Fig. 2C). 

To determine whether apamin affects the threshold for induc- 
tion of synaptic plasticity, its effects on lower stimulation frequen- 
cies were examined. A 10 Hz stimulation for 900 pulses resulted 



Figure I. Blockade of the apamin-sensitive afterhyper- 
polarization (mAHP) increases excitability. /I, / A , irs 
were evoked in the whole-cell configuration by a 200 
msec depolarizing pulse to +20 mV followed by a return 
to the -55 mV holding potential. / A „ Ps were obtained 
in the presence and absence of apamin (100 nM). After 
application of apamin, the medium-duration component 
(/ mAHP ) of the tail current was selectively inhibited. 
Dashed line indicates zero current. B, Apamin increased 
the number of action potentials. Bl, Response of a 
pyramidal neuron to a 1 sec depolarizing current pulse. 
B2, Response of the same neuron to the same depolar- 
izing current pulse in the presence of apamin (control 
cells fired an average ± SEM of 4.7 ± 1.2 action poten- 
tials/depolarizing pulse, which increased to 6.7 ± 1.7 
with apamin; n = 5; p = 0.04; paired Student's / test). 

Figure 2. Apamin block of SK channel activity en- 
hances plasticity induced by high-frequency stimula- 
tion. A, A 100 Hz, 1 sec tetanus in control and 
apamin (100 nM)-treated slices (164 ± 7%, n = 9 
slices per 6 animals for controls; 165 ± 6%, n = 10 
slices per 6 animals for apamin; p > 0.05; unpaired 
Student's / test). B, A 50 Hz, 0.5 sec stimulation 
protocol in control and apamin (100 nM)-treated 
slices (106 ± 4%. n = 12 slices per 8 animals for 
control slices, 125 ± 3%, n = 13 slices per 8 
animals for apamin-treated slices; p < 0.05; un- 
paired Student's I test). C, A 25 Hz, 0.5 sec stim- 
ulation protocol in control and apamin (100 hm)- 
50 treated slices (109 ± 9%, n = 8 slices per 6 animals 
for controls; 120 ± 6%, n = 8 slices per 6 animals 
for apamin: p > 0.05; unpaired Student's / test), 
the initial slope of the recorded field EPSP. Dashed line 



in LTD in control slices (77 ± 6%; n = 10 slices per 6 animals), 
whereas apamin-treated slices did not show changes in synaptic 
strength (101 ± 7%; n = 9 slices per 5 animals;/? < 0.05; unpaired 
Student's t test) (Fig. 3A). In addition, 5-Hz stimulation for 900 
pulses resulted in LTD in apamin-treated slices (85 ± 5%; n - 9 
slices per 5 animals) but did not affect long-lasting changes in 
synaptic strength in control slices (103 ± 4%; n = 10 slices per 6 
animals; p < 0.05; unpaired Student's t test) (Fig. 3B). These 
results suggest that apamin alters the frequency-response rela- 
tionship (Bear, 1995) for the induction of synaptic plasticity. The 
modification threshold is the level of postsynaptic response at 
which the sign of the synaptic modification reverses from LTD to 
LTP (Bienenstock et al., 1982). The smooth transition from LTD 
to LTP may be demonstrated by systematically varying the fre- 
quency of conditioning stimulation for a given number of pulses. 
The frequency-response relationships for control and apamin- 
treated slices are presented in Figure 3C and demonstrate that 
blockade of SK channels with apamin shifts the frequency-re- 
sponse function to the lower frequencies, facilitating the induc- 
tion of synaptic plasticity. 
Blocking SK channels does not affect 
neurotransmitter release 

To investigate whether the apamin-induced shift in the frequen- 
cy-response function at CA1 synapses involves presynaptic or 
postsynaptic changes, the effects of apamin on paired-pulse facil- 
itation, post-tetanic potentiation, and short-term depression were 
investigated. 

Paired-pulse facilitation, an increased second response to two 
stimuli applied in rapid succession, is thought to reflect an in- 
crease in the probability of neurotransmitter release (Katz and 
Miledi, 1968). Paired-pulse facilitation was tested at interstimulus 
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Figure 3- Apamin block of SK channel 
activity shifts the synaptic modification 
threshold to lower frequencies. Induction 
of synaptic plasticity by 10 Hz, 900 pulse 
stimulation in control slices (77 ± 6%; n - 
10 slices per 6 animals) and apamin (100 
nM)-treated slices (101 ± 7%; n = 9 slices 
per s animals;/; < 0.05; unpaired Student's 
t test) (A) and 5 Hz, 900 pulse stimulation 
protocol in control slices (103 i 4%; n = 8 
slices per 5 animals) and apamin (100 nM> 
treated slices (85 ± 5%; n = 9 slices per 5 
animals; /) < 0.05; unpaired Student's I 
test) (B). Dashed line indicates baseline 
response. C, Frequency-response relation- 
ship for the induction of LTP and LTD 




Dashed line indicates the transition between LTD and LI P. 



Conditioning frequency (Hz) 



effect of 900 pulses of conditioning stimulation delivered at various 
' ■ shown. *p < 0.05 versus respective control data 



Figure 4. SK channels do not have presyn- 
aptic effects in CA\.A, Paired-pulse facilita- 
tion (PPF). measured as the ratio of the 
second response to the first, was plotted as a 
function of interstimulus interval for con- 
trols and in the presence of apamin (n > 8 
for all interstimulus intervals). No significant 
differences were detected (p > 0.05; paired 
Student's / test). B, Time course of post- 
tetanic potentiation elicited by 100 Hz, 1 sec 
tetanus in control and apamin-treated slices. 
Post-tetanic potentiation (peak enhance- 
ment in controls, 132 ± 6% of baseline, n = 
9 slices per 4 animals; peak enhancement 
apamin, 134 ± ~ r ' 0 ° Ur 

per 4 animals) .._ _ 

stimulation in control and apamin-treated slices (. 
6 slices per 3 animals). No significant differences 
the initial slope of the recorded field EPSP. Solid line in 



100Hz, 1s 
PV I 

— r 



APV 
5 Hz, pulses 



Time (min) 



Interstimulus Interval (ms) Time (min) 

5% of baseline, n = 9 slices 

re detected between groups (p > 0.05; paired Student's / test). Synaptic strength was measured a. 
B and C indicates the duration of D-APV application. 



;e of short-term depression elicited by 5 Hz, 900 pulse 



intervals ranging from 20 to 100 msec and was not significantly 
altered by application of apamin (p > 0.05; paired Student's t 
test; n > 8 for all interstimulus intervals) (Fig. 4A), suggesting 
that apamin does not alter neurotransmitter release. 

Post-tetanic potentiation, a slow decay of the postsynaptic re- 
sponses after repetitive stimulation has been terminated, presum- 
ably reflects the slow decay of elevated presynaptic Ga 2+ levels 
induced by the tetanic stimulus (Zucker, 1989). The effects of 
apamin on post-tetanic potentiation were examined using a 100 
Hz, 1 sec tetanus delivered in the presence of d-APV (100 jiM), 
an NMDA receptor antagonist. The time course of post-tetanic 
potentiation was not different between control and apamin- 
treated slices, nor were differences detected in the peak enhance- 
ment achieved in the presence or absence of apamin (control, 
132 ± 6%. n = 9 slices per 4 animals; apamin treated, 134 ± 5%, 
n = 9 slices per 5 animals; p > 0.05; unpaired Student's t test) 
(Fig. 46). 

Short-term depression was also examined using a 5 Hz, 900 
stimuli tetanus delivered in the presence of D-APV (100 mu). 
This same protocol had revealed differences between control and 
apamin-treated slices when performed in the absence of d-APV 
(Fig. 38). In the presence of d-APV (Fig. AC), the magnitude and 
time course of depression were not different between control 
slices (peak depression, 80 ± 7%, n = 9 slices per 4 animals) and 
apamin-treated slices (peak depression, 82 ± 5%, n = 9 slices per 
5 animals; /; > 0.05; unpaired Student's / test). The lack of effect 
of apamin on paired-pulse facilitation, post-tetanic potentiation, 
and short-term depression suggests that apamin does not affect 



presynaptic events but rather alters NMDAR-dependent postsyn- 
aptic events to shift the threshold for the induction of synaptic 
plasticity in CA1 synapses. 

Blocking SK channels accelerates hippocampal- 
dependent spatial memory encoding 

The results presented above indicate that apamin facilitates the 
induction of synaptic plasticity in the CA1 region of the hip- 
pocampus. It was hypothesized that apamin might also alter 
hippocampal-dependent memory assessed in the Morris water 
maze, a task considered to require the activation of NMDARs 
and synaptic plasticity in the hippocampus (Morris et al., 1982; 
Tsien et al., 1996). Considering the finding that apamin shifted 
the threshold for the induction of synaptic plasticity (Fig. 3C), it 
was predicted that apamin would exert its greatest influence 
during the initial stages of spatial memory encoding. Specifically, 
the effects of systemic apamin were examined using a version of 
the Morris water-maze task modified to explicitly assess the 
encoding of spatial memory. The rationale being that if synaptic 
plasticity is more easily induced in the presence of apamin, fewer 
trials may be required to encode spatial memory in apamin- 
treated mice. Naive mice received apamin (0.4 mg/kg, i.p.; n - 
10) or 0.9% saline (n = 9) 30 min before daily training for 6 d 
(four trials per day) in the water maze task. The platform location 
remained fixed throughout all training trials. Immediately after 
the fourth, 12th, and 20th training trials, each mouse received a 30 
sec probe test. These interpolated probe tests assess the develop- 
ment of a spatial bias for the training quadrant of the pool at an 
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Figure 5. Apamin block of SK channels fa- 
cilitates the encoding of spatial memory. A, A 
modified Morris water maze task was used to 
examine the effects of apamin on encoding of 
spatial memory. Mice were trained for four 
trials per day for 6 d, and 30 sec probe tests 
were presented immediately after the fourth, 
12th, and 20th trial. Mean i SEM percentage 
of time spent dwelling (Percent Dwell) in the 
training quadrant during the interpolated 
probe tests revealed that mice treated with 0.4 
mg/kg apamin (n = 10) spent significantly 
more time in the training quadrant during the 
first probe test than saline-treated (n = 9) 
control mice (*p < 0.009 vs saline-treated 
l probe test 1; planned comparison 
Student's l test). The dashed line at 25% rep- 
resents chance performance. AL, Adjacent 
left AH adjacent right- OPP, opposite; TQ, training quadrant. B, Mean ± SEM search ratio reflects the accuracy with which mice search in the correct 
location within the training quadrant of the pool. Search ratio is computed as the number of times the animal crosses into the zone (see circular regions 
of /#!«* diagram) encompassing the platform (shaded zone) divided by the total number of crossings into all four zones. The dashed tine at 0^25 represents 
chance performance during the probe tests or the lack of spatial bias for any particular pool location. Apamin-treated mice exhibited a significantly higher 
search ratio than saline-treated mice during the first probe test (*p < 0.02 vs saline-treated mice on probe test 1; planned comparison Student s » test). 
Measures of the percentage of time spent dwelling in the training quadrant or search ratio from the second or third probe tests were equivalent between 
the two groups, indicating that there were no group differences in platform search behavior after more training. C Mean ± SEM cumulative distance 
to platform measures of saline- and apamin-treated mice plotted in blocks of four training trials. This measure indicates the proximity of the mice to 
the platform during each training trial. Consistent with the data from probe test 1, apamin-treated mice swarr 
the first four trial block of training than saline-treated mice (*p < 0.04; post hoc Tukey multiple companso 
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early (probe 1), intermediate (probe 2), and late (probe 3) stage 
of spatial memory encoding. Apamin treatment accelerated the 
development of a spatial bias for the training quadrant during the 
first interpolated probe test (probe 1), as shown in Figure 5A. 
Planned comparisons analyses revealed that apamin-treated mice 
spent significantly more time in the training quadrant than saline- 
treated mice (mean ± SEM; apamin, 41.1 ± 3.8%; saline, 26.8 ± 
2.9%; r (17) = -2.94;p = 0.009). In addition, apamin-treated mice 
exhibited more accurate search behavior as indicated by search 
ratio (Fig. 55), computed as the number of crossings into a 
circular zone encompassing the platform divided by the total 
number of crossings into all four zones (Fig. 5B, inset diagram) 
(apamin, 0.43 ± 0.05; saline, 0.26 ± 0.04; f (17) = -2.52;p = 0.02). 
Saline-treated mice required 12 training trials to develop this 
degree of preference (probe 2). Thus, after minimal training (just 
four trials), apamin-treated mice exhibited significant spatial 
memory of the training quadrant, whereas control mice exhibited 
a chance level of performance. There were no additional differ- 
ences in performance on probes 2 and 3 between apamin- and 
saline-treated mice, indicating that after 12 training trials, the 
saline-treated mice had acquired the memory for platform loca- 
tion and were performing as accurately as apamin-treated mice. 
Spatial memory encoded by apamin-treated mice was stable 
throughout the training session, because there was no difference 
in training-quadrant preference across the three interpolated 
probe tests. Two-factor, repeated-measures (treatment x four 
trial block) ANOVA on cumulative distance to platform mea- 
sures revealed a significant treatment x four trial block interac- 
tion (F (4 „ 8) = 2.53; p < 0.05) and a significant effect of four trial 
block {F^ <M) = 15.75; p < 0.001). Tukey multiple comparisons 
tests revealed a significant difference between apamin- and saline- 
treated mice in cumulative distance to platform on the first four 
trial block (Fig. 5C). The cumulative distance to platform is a 
score of the proximity of the mouse to the platform during 
training and is a more sensitive measure of spatial behavior than 
escape latency (Gallagher et al., 1993). The difference in cumu- 
lative distance measures between apamin- and saline-treated 
mice reflects more accurate platform search behavior by the 



apamin-treated mice, a finding that is consistent with the ob- 
served differences in spatial search behavior during probe 1. An 
identical analysis of escape latency data found a significant effect 
of four trial block (F (4 . 68) = 8.50; p < 0.001) but no treatment X 
four trial block interaction (F (4 , 68) = 0.44; p > 0.5) and no 
significant effect of treatment (F (4>68) = 0.54; p > 0.5). Apamin 
treatment did not cause any overt influence on swimming, and 
swim speeds were not different between groups 17) = 0.29; 
p > 0.5). Analyses restricted to the data from the first four 
training trials also indicated no significant differences in escape 
latencies (f (17) = 0.33; p > 0.05) or swim speed (f (l7) = 0.04; p > 
0.05). Collectively, these results suggest that apamin-mediated 
blockade of SK channels facilitated the encoding of hippocampal- 
dependent spatial memory. 

Data from the probe test given 24 hr after the final training trial 
were examined to test whether memory encoded under SK chan- 
nel blockade would be differentially retained. Both groups of mice 
exhibited a spatial bias for searching in the training quadrant 
during the 24 hr retention probe test. There were no differences 
between saline- and apamin-treated mice during the final probe 
trial with regard to the percentage of time spent dwelling in the 
training quadrant (mean ± SEM; saline, 41.6 ± 4.6; apamin, 
38.1 ± 4.3; r (17) = 0.57; p > 0.6) or with regard to the search ratio 
(saline, 0.43 ± 0.05; apamin 0.38 ± 0.05; f (17) = 0.64; p > 0.5). 
Together with the data of Figure 5A-C, it appears that apamin- 
treated mice encoded the spatial memory of the platform location 
with less training than the saline-treated mice. However, once 
encoded, there was no difference in retention of the spatial 
memory between apamin- and saline-treated mice. 

Blocking SK channels accelerates hippocampal- 
dependent nonspatial memory encoding. 

To further examine the role of SK channels in hippocampal 
memory, the effects of apamin on a nonspatial object-recognition 
task were examined. This task assesses the encoding and retention 
of memory for an object and is sensitive to lesions of the hip- 
pocampus (Vnek and Rothblat, 1996; Clark et al., 2000) and to 
manipulation of hippocampal NMDARs (Tang et al., 1999). 
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Figure 6. Apamin block of SK channel ac- 
tivity facilitates the encoding of nonspatial 
object memory but does not influence 
the retention of object memory. Object- 
recognition memory was quantified by com- 
puting the novel object preference ratio, the 
amount of time spent exploring the novel 
object during the test session divided by the 
total time spent exploring both the familiar 
and novel object. A, The object recognition 
task was modified to lest the influence of 
apamin on object memory encoding. As de- 
scribed in Materials and Methods, during 

the sample session, saline- and apamin- Sample Session Sample Session 

treated mice were restricted to either 19 sec Exploration (sec) Exploration (sec) 

(minimal training) or 38 sec (extensive rpn „ irpri to accumulate either 19 or 38 sec of sample object exploration did not differ between 
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Given that apamin-treated mice developed a significant spatial 
memory for the platform location after minimal water-maze 
training it was hypothesized that apamin would influence the 
encoding of object memory in a similar manner. Pilot stud.es 
indicated that during a 5 min sample session, C57BL/6J mice 
typically spend an average of 38 sec exploring each sample object. 
To examine the influence of apamin on object memory encoding, 
the amount of sample object exploration was manipulated Mice 
were allowed to explore the sample objects until they had accu- 
mulated object exploration times of either 19 sec (minimal train- 
ing) or 38 sec (extensive training). The results obtained for spatial 
memory encoding led to our prediction that apamin would facil- 
itate object memory retention in mice limited to 19 sec of sample 
object exploration compared with respective saline-treated mice 
Naive C57BL/6NHsd mice received apamin (0.4 mg/kg, up.) 
or 0 9% saline 30 min before the sample session. Each mouse was 
placed into the arena containing two identical novel objects. 
Depending on group assignment, the mouse was removed from 
the arena after exploring either sample object for 19 sec (minimal 
training) or 38 sec (extensive training). During the sample ses- 
sion there was no significant difference between saline- and 
apamin-treated mice with regard to the time required to reach the 
respective 19 or 38 sec sample object exploration limit (r ( , 7) - 
-1 31 and 0.04, respectively; p values of >0.05) (Fig. 6A), indi- 
cating that all mice exhibited the same curiosity and motivation. 
Object memory retention was assessed during a test session 24 hr 
later in which each mouse was allowed to explore the arena 
containing one of the familiar objects from the sample session and 
a novel object. Saline-treated mice limited to 19 sec of sample 
object exploration exhibited a weaker preference for the novel 
object during the test session compared with mice permitted 38 
sec of sample object exploration (Fig. 65). Planned comparisons 
analysis revealed that apamin-treated mice limited to 19 sec of 
sample object exploration exhibited a stronger preference for the 
novel object compared with the respective saline-treated mice 
(f 17) = -2.17; p = 0.04) (Fig. 6B). These data suggest that 
apamin is capable of facilitating object memory encoding. There 
was no difference in novel object preference ratio between saline- 



and apamin-treated mice permitted 38 sec of sample object ex- 
ploration (t, l7) = -0.11; p > 0.05), indicating that both groups 
exhibited equivalent object memory retention. In accordance 
with our findings of apamin-treated mice in the Morns water- 
maze task, these findings suggest that apamin block of SK chan- 
nels facilitates the encoding of nonspatial memory, perhaps by 
reducing the threshold for memory formation. 

The retention of object memory decays faster in hippocampal- 
lesioned rodents (Vnek and Rothblat, 1996; Clark et al., 2000 
and is sensitive to genetic manipulation of the hippocampal 
NMDAR (Tang et al., 1999). Hippocampal-lesioned rats fail to 
retain object memory over a 24 hr delay (Clark et al., 2000) but 
are able to retain object memory over a 5 min delay (Mumby et 
al 2002). The influence of systemic apamin on the rate of decay 
of 'object memory retention was examined in a second cohort of 
C57BL/6NHsd mice. During a sample session, apamin- (0.4 
mg/kg, i.p.) and saline-treated mice were exposed to two identical 
sample objects for 5 min. Both groups exhibited a similar prefer- 
ence for the novel object during the 24 hr test session, as shown 
in Figure 6C, indicating that apamin did not influence memory 
retention at 24 hr, consistent with the 38 sec data of Figure 6B. 
Four days later, the same groups were exposed to a second set of 
sample objects and then tested for retention 48 hr later. As 
depicted in Figure 6C, neither group exhibited a significant pref- 
erence for the novel object at the 48 hr test session, suggesting 
that object memory decayed over the same rate between the two 
groups. These data indicate that apamin did not influence object 
memory retention. 

DISCUSSION 

The present study demonstrates that blockade of synaptically 
activated SK channels increases excitability and decreases the 
threshold for the induction of hippocampal synaptic plasticity via 
a postsynaptic mechanism that requires the activation _ 
NMDARs. The reduced threshold for induction of synaptic plas- 
ticity is associated with facilitated memory encoding. This en- 
hancement is correlated with changes in the induction of synaptic 
plasticity but is not necessarily attributable to these changes 
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because there is no way to rule out the effects of apamin on other 
brain structures that can influence hippocampal function. 

Neural circuits derive flexibility from activity-driven bidirec- 
tional modification of synaptic strength (Sejnowski, 1977; Bienen- 
stock ct al., 1982). An important characteristic of this process is 
the threshold for synaptic modification (Bear, 1995), which is 
defined by the frequency-response function for the induction of 
synaptic plasticity. As postsynaptic activity increases, the thresh- 
old for LTD is reached first, and an additional increase leads to a 
transition from LTD to LTP. This transition represents the syn- 
aptic modification threshold (Bear, 1995). A prominent model for 
the regulation of the synaptic modification threshold proposes 
that the direction of altered synaptic efficacy, potentiation, or 
depression is determined by the level of postsynaptic Ca 2+ dur- 
ing neural activity (Lisman, 1989; Artola and Singer, 1993; 
Malenka and Nicoll. 1993). The rise in Ca 2+ within the dendritic 
spine is the critical trigger for synaptic plasticity. Stronger depo- 
larization allows more Ca 2+ to enter and leads to synaptic 
potentiation (Lisman, 1989; Artola and Singer, 1993; Bliss and 
Collingridge, 1993; Cummings et al., 1996; Malenka and Nicoll, 
1999), whereas weaker depolarization leads to less Ca 2+ influx 
and synaptic depression (Mulkey and Malenka, 1992; Dudek and 
Bear, 1993). Therefore, any manipulation that influences the 
magnitude or dynamics of Ca 2+ increase within dendritic spines 
may profoundly influence the form of the resulting synaptic 
plasticity. 

Synaptic activation of the channels underlying the / sA | 1P (Lan- 
caster et al., 2001; Martin et al., 2001) regulates synaptic efficacy 
and may influence the threshold for synaptic plasticity, as hypoth- 
esized by previous studies (Sah and Bekkers, 1996). Our results 
showed that application of apamin caused a shift of the synaptic 
modification threshold to lower frequencies, an effect that is 
consistent with facilitated induction of synaptic plasticity. 
Apamin-sensitive SK channels underlie the mAHP in CA1 neu- 
rons, which peaks -200 msec after the action potential (Sah and 
Clements, 1999; Stacker et al., 1999), a time course that may 
enable the mAHP to influence neuronal discharge activity, and 
the integration of synaptic events as the rate of afferent stimula- 
tion increases toward the threshold for synaptic plasticity (5-20 
Hz). These are precisely the stimulation frequencies around 
which apamin exerted its significant effects on the induction of 
synaptic plasticity. 

Our results suggest that SK channel activity modulates the 
induction of synaptic plasticity that requires postsynaptic depo- 
larization and NMDAR activation. Postsynaptic depolarization 
induced by repetitive synaptic stimulation raises intracellular 
Ca 2 ' levels through voltage-gated Ca 2 ' channels or NMDARs, 
permitting the activation of SK channels. By hyperpolarizing the 
postsynaptic membrane, SK channels decrease excitability and 
modulate the activation of NMDARs, which involves voltage- 
dependent removal of the Mg 2+ block (Mayer et al., 1987). By 
affecting the degree of NMDAR activation and the subsequent 
Ca 2+ entry, SK channels may modulate the induction of synaptic 
plasticity. Our experiments suggest that SK channels are dendriti- 
cally localized. Although direct evidence for the distribution of 
SK channels in the dendrites is currently unavailable, it has been 
suggested that apamin-sensitive SK channels are located predom- 
inantly in proximal and distal dendrites of motor neurons (Cang- 
iano ct al., 2002). In addition, C a 2+ -activated K + channels have 
been reported in the dendrites of mammalian neurons (An- 
dreasen and Lambert, 1995; Sah and Bekkers, 1996; Schwindt and 
Crill, 1997). 
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Synaptic plasticity is believed to represent, at least in part, the 
cellular mechanisms responsible for learning and memory. It is 
generally accepted that some form of an increase in synaptic 
efficacy in the hippocampus is necessary for encoding spatial 
memory in the water maze task (Moser et al., 1998). Whether 
such memory formation in the hippocampus is dependent on LTP 
or LTD has been difficult to establish (Holscher, 1997; Jeffery, 
1997; Shors and Matzel, 1997). In the present study, blockade of 
SK channels increases excitability, reduces the threshold for hip- 
pocampal synaptic plasticity, and facilitates hippocampal memory 
encoding. Systemically administered apamin crosses the blood- 
brain barrier (Habermann, 1984), and high densities of apamin- 
sensitive SK channels are present in limbic regions, including the 
hippocampus (Mourre et al., 1987; Gehlert and Gackenheimer, 
1993; Stocker and Pedarzani, 2000). Apamin-treated mice ac- 
quired a spatial memory for the water maze platform location 
after just four training trials (minimal training), whereas saline- 
treated mice required as many as 12 trials to demonstrate spatial 
memory acquisition. In the object recognition task, apamin- 
treated mice exhibited a significantly stronger test session prefer- 
ence for the novel object than saline-treated mice when limited to 
19 sec of sample object exploration (minimal training). The 
parallel between the reduction of the threshold for synaptic 
plasticity and the improved memory encoding after minimal 
spatial or nonspatial training suggests a correlation between the 
facilitation of the induction of synaptic plasticity and memory 
encoding. The amount of induced plasticity cannot be equated 
with the rate of learning, because control and apamin-treated 
slices showed the same amount of LTP and LTD. However, the 
rate of learning seems to be dependent on the threshold for the 
induction of synaptic plasticity. 

Previous studies indicate that apamin enhances spatial memory 
in mice with lesions of the hippocampal formation but have failed 
to detect an influence of apamin on memory retention in intact 
mice after extensive training (Ikonen et al., 1998; Ikonen and 
Riekkinen, 1999). Moreover, it was proposed recently that there 
are differences in apamin sensitivity between mice and rats, with 
rats being relatively insensitive to the cognitive effects of apamin 
(van der Staay et al., 1999). However, this claim is not substanti- 
ated by recent findings. Independent laboratories have demon- 
strated that in rats, apamin enhances the induction of synaptic 
plasticity (Behnisch and Reymann, 1998; Norris et al., 1998) and 
facilitates nonspatial memory (Deschaux et al., 1997; Fournier et 
al., 2001). Our data suggest that apamin exerts its influence on an 
early stage of memory encoding, an effect that may not have been 
detected given the approaches used previously. This indicates 
that apamin facilitated memory after minimal spatial or nonspa- 
tial training. Apamin did not have a significant effect on memory 
retention in mice after extensive spatial training, consistent with 
previous reports of the effects of apamin in mice and rats (Ikonen 
et al., 1998; Ikonen and Riekkinen, 1999; van der Staay et al., 
1999). 

From our behavioral data, no distinction can be made between 
an effect of apamin that leads to enhanced memory formation and 
that of an enhanced processing of the sensory input that precedes 
the formation of memory. However, the results suggest that it is 
unlikely that the enhancing effects of apamin are a consequence 
of sensory, motor, or attentional influences. If apamin was to 
influence sensory or attentional mechanisms, then apamin treat- 
ment would have enhanced object memory retention in both 
groups of mice, those limited to 19 sec of sample exploration as 
well as those allowed 38 sec of sample exploration. The beneficial 
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effect of apamin on spatial memory encoding in the Morris water 
maze cannot be attributed to enhanced motor function, because 
no differences in swim speed between apamin- and saline-treated 
mice were observed. 

Collectively, the data from electrophysiological and behavioral 
studies indicate that blockade of SK channels by apamin increases 
excitability, shifts the threshold for the induction of synaptic 
plasticity, and facilitates hippocampal-dependent memory. The 
behavioral significance of this apamin-induced increase in excit- 
ability is to facilitate the processing of to-be-remembered infor- 
mation. The behavioral studies do not indicate whether the 
apamin-mediated enhancement in memory is caused by a facili- 
tation of the induction of LTP or LTD. However, the shift in the 
threshold for synaptic plasticity produced by apamin could rep- 
resent a mechanism for ensuring that there is coincident stimu- 
lation of hippocampal NMDARs leading to an enhancement of 
synaptic efficacy during the initial stages of learning. Learning- 
induced reduction of the AHP has been shown to underlie learn- 
ing and memory in other behavioral paradigms. A potentiation of 
EPSPs and a reduction in the mAHP and sAHP currents is 
associated with classical conditioning of the eye-blink response in 
rabbits (Disterhoft et al., 1988; LoTurco et al., 1988; Coulter et 
al., 1989) and with olfactory operant conditioning in rats (Saar et 
al., 1998). Single-unit recording studies of hippocampal neurons 
from behaving rabbits during eye-blink conditioning trials have 
revealed increases in neuronal firing rates that are specific to 
learning (Berger et al., 1983; McEchron and Disterhoft, 1999). 
Therefore, the AHP is a negative regulator of learning, and 
reduction of the AHP by apamin appears to facilitate learning 
and memory. Together with the results presented here, it appears 
that apamin-sensitive SK channels represent a neural mechanism 
capable of regulating hippocampal-dependent memory. 
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sium concentrations (22) and reactivity to 
specific antibodies (26), are not shared by 
U2AF 65 . Finally, studies reporting protein- 
protein interactions among SR proteins 
failed to detect interactions between the 
U2AF 65 RS region and other splicing fac- 
tors (23, 27). Taken together, these obser- 
vations suggest that there are two distinct 
classes of RS domains. 

The orchestrated formation and disrup- 
tion of short RNA-RNA helices is a com- 
mon theme in pre-mRNA splicing (28) and 
probably in other processes that involve 
RNA. Here we have described a mechanism 
by which a spliceosomal RNA-RNA base- 
pairing interaction can be regulated by a 
protein. 
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Small-Conductance, Calcium-Activated 
Potassium Channels from Mammalian Brain 

M. Kohler, B. Hirschberg, C. T. Bond, J. M. Kinzie, 
N. V. Marrion, J. Maylie, J. P. Adelman* 

Members of a previously unidentified family of potassium channel subunits were cloned 
from rat gnd humap brain. The messenger RNAs encoding these subunits were widely 
expressed in brain with distinct yet overlapping patterns, as well as in several peripheral 
tissues. Expression of the messenger RNAs in Xenopus oocytes resulted in calcium- 
activated, voltage-independent potassium channels. The channels that formed from the 
various subunits displayed differential sensitivity to apamin and tubocurare. The distri- 
bution, function, and pharmacology of these channels are consistent with the SK class 
of small-conductance, calcium-activated potassium channels, which contribute to the 
afterhyperpolarization in central neurons and other cell types. 



Action potentials in vertebrate neuronsare 
followed by an afterhyperpolarization 
(AHP) that may persist for several seconds 
and may have profound consequences for 
the firing pattern of the neuron. The AHP 
has several components. The fast compo- 
nent (fAHP) helps to repolarize the action 
potential and regulates spike interval, 
whereas subsequent slow components 



(sAHP) underlie spike-frequency adapta- 
tion (1-5). 

Each component of the AHP is kineti- 
cally distinct and is mediated by different 
Ca 2 + -activated K + channels. The large- 
conductance (100 to 200 pS), voltage- and 
Ca 2+ -activated K + channels (BK channels) 
underlie the fAHP (6, 7), which develops 
rapidly (1 to 2 ms) and decays within tens 
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of milliseconds. The channels underlying 
the sAHP are SK channels, which differ 
from BK channels in that they are more 
Ca 2+ -sensitive, are activated in a voltage- 
independent manner, and have a smaller 
unit conductance (8, 9). The sAHP vanes 
considerably in different cell types, activat- 
ing slowly (10 to 1000 ms), and it may 
decay over several seconds (6, 9-1 1 ). 

The fAHP is blocked by low concentra- 
tions of external tetraethylammonium and 
charybdotoxin, in accord with the pharma- 
cology of BK channels (6, 7, 12). In con- 
trast, the sAHP is insensitive to these 
agents but exhibits one or the other of two 
classes of behavior regarding sensitivity to 
the bee venom peptide toxin apamin. In 
hippocampal pyramidal neurons the sAHP 
is insensitive to apamin (4), whereas in 
hippocampal interneurons it is blocked by 
nanomolar concentrations of the toxin 
(13). 

Voltage-independent, apamin-sensitive 
K + channels activated by submicromolar 
concentrations of Ca 2+ have been de- 
scribed for peripheral cell types, including 
skeletal muscle (14). gland cells (15, 16), 
and T lymphocytes (17). These channels 
have unitary conductances of 5 to 20 pS. 
Apamin-insensitive SK channels have also 
been reported (8). Thus, SK channels make 
up a subfamily of Ca 2+ -activated K + chan- 
nels that play key physiological roles in 
many cell types. We present here the mo- 
lecular structures for a class of K + channel 
subunits with six transmembrane domains. 
The characteristics of the expressed chan- 
nels define this class as SK channels. 

A sequence with homology to the pore 
region of cloned K + channels was detected 
in a database search (18) and was used as a 
probe on cDNA libraries. Three full-length 
coding sequences were isolated, one from 
human (hSKl) and two from rat (rSK2, 
rSK3) brain, and a partial clone, rSKl, rep- 
resenting the rat homolog of hSKl. The 
sequences predict proteins of 561 (hSKl), 
580 (rSK2), and 553 (rSK3) amino acids 
(Fig. 1A). Hydrophobtcity analysis predicts 
six transmembrane segments with the NH 2 - 
and COOH-termini residing inside the cell 
(Fig. IB). The sequences are highly con- 
served across their transmembrane cores 
(80 to 90% identity) but diverge in se- 
quence and length within their NH 2 - and 
COOH-terminal domains. The fourth pre 
dieted membrane-spanning domain con 
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bridizations on sections prepared from rat 
brain (20). The mRNAs are broadly distrib- 
uted throughout the central nervous system, 
in characteristic but overlapping patterns 
(Fig 2, A through C). The rSKl and rSK2 
probes were also used on Northern (RNA) 
blots prepared with mRNA isolated from 
total brain and several peripheral tissues. 
The rSKl probe detected mRNAs of differ- 
ent sizes in brain (3.2 kb) and heart (4-4 
kb), whereas the rSK2 mRNA was detected 
in brain and adrenal gland as two bands of 
2.2 and 2.4 kb (Fig. 2D) (21). 

In vitro-synthesized mRNAs were in- 
jected into Xenopus oocytes, and two-elec- 
trode voltage-clamp recordings were per- 
formed 2 to 5 days later (22). Voltage pro- 
tocols failed to evoke currents different 
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Fig. 1. (A) Amino acid se- 
quences (79) predicted for 
hSK1. rSK2, rSK3, and the 
partial clone, rSK1. Align- 
ments were generated by 
eye; dots represent gaps in- 
troduced to optimize the 
alignment. The six predicted 
transmembrane domains 
and the pore region are over- 
lined. Residues that are con- 
served among all of the 
clones are boxed. Amino 
acid numbers for the full- 
length coding sequences are 
given on the right. The Gen- 
Bank accession numbers for 
these sequences are as fol- 
lows: rSK2, U69882; hSK1. 
U69883; rSK3, U69884; and 
rSK1 , U69885. The asterisks 
indicate stop codons. (B) Hy- 
dropathy plot for rSK2 calcu- 
lated from the algorithm oi 
Kyte and Doolittle with an 
amino acid window of nine 
residues. HPhobic, hydro- 
phobic; HPhilic, hydrophilic. 
(C) Dendrogram of represen- 
Amin° acid number tative mammalian members 
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from control oocytes. Because of the similar 
mRNA distribution in brain of rSK2 and 
mGluRla, a metabotropic glutamate recep- 
tor (23, 24), mGluRla mRNA was injected 
with or wichout the SK mRNAs. The ap- 
plication of glutamate to oocytes expressing 
only mGluRla evoked a transient inward 
current due to activation of endogenous 
Ca 2+ -activated CI - channels after the re- 
lease of intracellular Ca 2+ (Fig. 3 A) (23, 
2-4). In oocytes coexpressing mGluRla with 



rSK2, application of glutamate evoked the 
same Cl~ current, which was followed by an 
outward current (Fig. 3B). Similar results 
were obtained with rSK3 and hSKl. Intra- 
cellular injection of the Ca 2+ chelator 
EGTA (—10 mM, final concentration) 
(25) abolished both current responses 
evoked by subsequent application of gluta- 
mate (Fig. 3C), indicating that both com- 
ponents are Ca 2+ -activated. The ion selec- 
tivity of rSK2 was examined in oocytes 



injected with only the rSK2 mRNA (26). 
The current activated by injection of Ca :+ 
(~1 mM final concentration) reversed near 
the K + reversal potential in ND96 solution. 
The reversal potential of the currents shift- 
ed with increasing extracellular K + with a 
slope of 55.4 mV for a 10-fold change in K 
concentration (2 to 20 mM K + , substituted 
for Na + ), confirming that the channels are 
selective for K + over Na + . 

Macroscopic currents were also recorded 
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Fig 3. Expression of rSK2 and hSK1 in Xenopus oocytes. In (A) through (C), the 
metabotropic glutamate (Glut) receptor mGluRI a was expressed with or without rSK2 
in Xenopus oocytes. Whole cell currents were measured from oocytes superfused with 
ND96 solution 2 to 3 days after mRNA injection. The holding potential was -80 mV. (A) 
Addition of glutamate (1 mM) to an oocyte injected with mGluRla mRNA alone evoked 
a transient Ca 2+ -activated CI" current. Similar results were obtained in six other 
oocytes injected with mGluRI a. (B) Addition of glutamate (1 mM) to oocytes coinjected 
with mGluRla and rSK2 mRNA evoked the transient Ca z+ -activated CI current 
observed with mGluRla-injected oocytes, followed by a large transient outward cur- 
rent Similar results were obtained in 14 other oocytes coinjected with mGlula and 
rSK2. (C) Injection of EGTA (final concentration, -10 mM) abolished the response to 
subsequent addition of glutamate in oocytes coinjected with mGluRla and rSK2 
mRNA Similar results were obtained in three other oocytes coinjected with mGluRla 
and rSK2 (D and E) Currents evoked by voltage steps from inside-out macropatches 
excised from an oocyte expressing rSK2 (D) or hSK1 (E). With .5 u-M Ca 2 + in the 
intracellular solution, the membrane was stepped from a holding potential of -80 mV 
to test potentials between -100 and 100 mV and then repolarized to -50 mV. 
Currents activated instantaneously and showed no inactivation during the 500-ms test 
pulses. (F and G) Current traces (I) elicited by 2.5-s voltage ramps (VJ from -100 to 
100 mV from inside-out macropatchs excised from oocytes expressing rSK2 (r) or 
hSK1 (G) The traces were obtained in the presence of the indicated concentrations of 
intracellular Ca 2+ ; current amplitudes increased as the Ca 2+ concentration was in- 
creased (H and I) The relation between Ca 2+ concentration and response obtained 
from the patches shown above for rSK2 (H) or hSK1 (I) channels. The slope conduc- 
tance G at the reversal potential is plotted as a function of Ca 2+ concentration. The 
.-: data were fitted with the Hill equation, yielding a K 0 5 of 0.43 and 0.71 ixM and a Hill 
coefficient of 4.8 and 3.9 for rSK2 and hSK1 , respectively. 
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from excised patches (27). Application of 
Ca 2+ to the cytoplasmic face of inside-out 
macropatches from oocytes expressing rSKZ 
or hSKl evoked substantial currents that 
were not detected in the absence of Qv , 
nor were they detected from control oo- 
cytes. Voltage steps to potentials between 
-100 and 100 mV evoked time-indepen- 
dent currents (Fig. 3, D and E) that were 



not obviously voltage-dependent. The 
Ca :+ sensitivity of rSK2 and hSKl was 
determined. Currents evoked by voltage 
ramps from an inside-out macropatch were 
dependent on the concentration of Ca- + on 
the intracellular face of the membrane (Fig. 
3, F and G). The slope conductance at the 
reversal potential was plotted as a function 
of Ca :+ concentration, and the data points 
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Fig. 5. Pharmacology of rSK2 and 
hSK1 . (A and C) Macroscopic rSK2 
currents were recorded in 5 |xM 
Ca 2+ from inside-out macro- 
patches with either 0 or 60 pM 
apamin (AP) (A) or 0 or 2 m-M 
tubocurare (dTC) (C) in the extracel- 
lular solution. (B and D) Dose-re- 
sponse curves for block by external 
apamin [shown in (B) for rSK2] or 
d-tubocurare (shown in (D) for 
rSK2, closed circles, and hSK1, 
open circles]. Block was deter- 
mined from multiple inside-out 
macropatches with or without drug. 
Each data point represents the 
fractional current (drug per control) 
at - 1 00 mV from the average of six 
control patches and six subsequent 
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were fitted with the Hill equation (Fig. 3, H 
and I). For rSK2 the average K 0 5 (concen- 
tration for half-maximal activation) for 
Ca :+ was 0.63 ± 0.23 u,M (n = 8), and for 
hSKl it was 0.70 ± 0.06 jjiM (n = 4). The 
steep dependence on Ca 2+ seen from the 
plots was reflected by a Hill coefficient of 
4.81 ± 1.46 for rSK2 and 3.90 ± 0.45 for 
hSKl, which suggests that at least four 
Ca 2+ ions were involved in channel gating. 
These results identify this family as Ca 2 + - 
activated K + channels. 

We examined single channels using in- 
side-out patches excised from oocytes express- 
ing rSK2 or hSKl (28). Addition of Ca 2+ at 
submicromolar concentrations induced chan- 
nel activity not seen in controls. The repre- 
sentative patch from an oocyte expressing 
rSK2 (Fig. 4A) shows that 0.2 jtM Ca" 
applied to the cytoplasmic side of the patch 
induced openings to a single amplitude. 
Channel activity increased as the Ca- + con- 
centration was increased, such that, in 0.6 
u-M Ca 2+ , unitary openings could no longer 
be resolved. Upon washout of Ca 2+ , channel 
activity ceased. At 0.4 u.M Ca 2 + , channel 
open probability was not obviously voltage- 
dependent, similar to macroscopic ramp re- 
cordings (Fig. 4B). Unitary openings mea- 
sured at several voltages were used to con- 
struct a single-channel current-voltage rela- 
tion (Fig. 4C). Results obtained from three 
patches yielded a mean single-channel con- 
ductance for rSK2 of 9.9 ± 0.9 pS. Similar 
experiments with hSKl yielded a single-chan- 
nel conductance of 9.2 ± 0.3 pS (n = 3). 

The functional characteristics of the 
cloned channels are reminiscent of those of 
the SK class of Ca 2+ -activated K + channels 
described in neurons (6, 8, 29), skeletal 
muscle (14), adrenal chromaffin cells (16, 
30), and T lymphocytes (17). Native SK 
channels present a distinct pharmacology. 
Many but not all SK channels are blocked 
by apamin and the plant alkyloid, d-tubo- 
curare (dTC) (13, 16, 31). The rSK2 cur- 
rents were potently blocked by picomolar 
concentrations of extracellular apamin with 
an inhibition constant K, of 63 pM (Fig. 3, 
A and B). In contrast, application of 100 
nM apamin did not affect hSKl currents 
( n = 8). The rSK2 currents were also 
blocked by extracellular dTC with a K, of 
' 2 4 u-M; hSKl was ~30-fold less sensitive, 
with a K of 76.2 u.M (Fig. 5, C and D). 

Activation of SK channels underlies the 
sAHP in central neurons. Distinguishing fea- 
tures of endogenous SK channels are their 
activation by submicromolar Ca 2+ , lack ot 
voltage-dependent gating, and unit conduc- 
tance (8, 14, 16). The sAHP in many neu- 
rons is blocked by picomolar concentrations 
of apamin, whereas in others it is not affected. 
Cloned members of this family exhibit these 
features. Indeed, the pattern of in situ hybrid- 
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ization for rSK2 mRN A is coincident with the 
pattern of radiolabeled apamin binding in rat 
brain (32). 

The cloned SK subunits contain no sig- 
nificant amino acid homology to other 
cloned K + channel subunits except for a 
12-residue stretch within the putative pore 
domain. Hydrophobicity plots predict that 
these subunits contain six transmembrane 
domains, a topology shared with members 
of the voltage-gated class of K + channels 
(33). Like the cyclic nucleotide- gated 
channels, the cloned SK channels contain 
an S4 domain with positively charged resi- 
dues but are not gated in a voltage -depen- 
dent manner (34). It has been proposed 
that the charged residues in the S4 segment 
may form salt bridges with other residues in 
different regions of the channel, imparting 
structural stability, even when the charged 
residues do not participate in voltage sens- 
ing (35, 36). In some cells, such as hip- 
pocampal pyramidal neurons, the sAHP is 
regulated by transmitters that act through 
protein kinases (8, 37). Although it is un- 
clear whether the kinases influence the 
sAHP through direct phosphorylation of 
native SK channels or through intermedi- 
ary effectors, the primary sequences for all 
of the cloned SK subunits contain many 
potential phosphorylation sites. 

Several hypotheses have been advanced 
to account for the differences in the sAHP 
among different ceil types (J I, 29). The 
complement of expressed SK subunits, their 
subcellular distribution, and regulation all 
may be responsible for differences in the 
sAHP after an action potential. The shared 
characteristics of the SK channels responsi- 
ble for the sAHP were faithfully recapitulat- 
ed by the clones presented here. The molec- 
ular mechanisms underlying variability in 
sAHPs will likely be understood as this K + 
channel family is further characterized. 
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A Cyclin-Dependent Kinase-Activating Kinase 
(CAK) in Budding Yeast Unrelated to 
Vertebrate CAK 

F. Hernan Espinoza, Alison Farrell, Hediye Erdjument-Bromage, 
Paul Tetnpst, David O. Morgan* 

Progress through the cell cycle is governed by the cyclin-dependent kinases (CDKs) the 
aXtion of which requires phosphorylation by the CDK-act.vat.ng kinase (CAK). \n 
verteb ates, CAK is a trimeric enzyme containing CDK7, cyclin H, and MAT1 . CAK f om 
tte budding yeast Saccharomyces cerevisiae was identified as an unusual 
protein kinase,Cak1,thatisonlydi^^ 

activity in yeast cell lysates, and its activity was constant throughout the cell cycle The 
CAK gene was essential for cell viability. Thus, the major CAK in S. oarawsne jsdjst.nct 
from the vertebrate enzyme, suggesting that budding yeast and vertebrates may have 
evolved different mechanisms of CDK activation. 



The activation of CDKs requires associa- 
tion with a cyclin subunit and phospho- 
rylation by CAK at a conserved threonine 
residue (I). The major CAK activity in 
vertebrate and starfish cells is a heterotri- 
mer composed of CDK7, cyclin H, and 
MAT1 (2-4). The homologous CDK-cy- 
clin complex in fission yeast also has CAK 
activity (5). However, in the budding 
yeast Saccharomyces cerevisiae, the closest 
CDK 7 homolog (Kin28) does not have 
CAK activity (6, 7), and the enzyme re- 
sponsible for CDK activation in this or- 
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ganism is unknown. 

To explore the nature of CAK in bud- 
ding yeast, we used conventional chromato- 
graphic methods to purify the major CAK 
activity in yeast lysates (Fig. 1). We mea- 
sured CAK activity by testing the ability of 
column fractions to activate the histone HI 
kinase activity of purified human CDK2- 
cyclin A complexes, which are more readily 
prepared in large quantities than are yeast 
Cdc28-cyclin complexes. Peak fractions 
also activated Cdc28-Clb2 (8). We esti- 
mate that CAK activity was purified over 
1000-fold after six chromatographic steps. 
In the last steps of purification, CAK activ- 
ity comigrated with a single protein of ~44 
kD on potyacrylamide gels (p44) (Fig. 1, B 
and C). We were unable to purify p44 to 
homogeneity; however, in multiple prepa- 
rations, p44 was the only protein that con- 
' sistently copurified with CAK activity, sug- 
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gesting that p44 alone was responsible for 
the activity. This conclusion is supported by 
results from gel filtration analysis of CAK 
activity in crude yeast lysates (8) or partial- 
ly purified CAK preparations (Fig. 1A), in ■ 
which the apparent molecular size of native 
CAK was -45 kD. 

Tryptic peptides from p44 were subject- 
ed to mass spectrometry and amino acid 
sequencing. Comparison of peptide se- 
quences with the Saccharomyces Genomic 
Database (Stanford University) revealed 
that the amino acid sequences of two pep- 
tides matched predicted sequences in a pre- 
viously uncharacterized open reading frame, 
YFL029c, on chromosome VI (9). In addi- 
tion, the masses of these two peptides, as 
well as those of two additional peptides 
from p44, matched the theoretical masses of 
tryptic peptides in the predicted sequence 
of YFL029c (Fig. 2). The YFL029c open 
reading frame encodes a protein with se- 
quence similarity to protein kinases and a 
molecular size of 42,183 daltons. We con- 
clude that this open reading frame encodes 
p44, which we call Cakl. 

Cakl is only distantly related to other 
protein kinases. Its closest known relative in 
any species is yeast Cdc28, with which it 
shares limited similarity (-23% identity) 
(Fig. 2). It is even less similar to yeast Kin28 
(17% identity) and is therefore not closely 
related to the CDK7 subfamily. Cakl is also 
distinct from most other protein kinases in 
that it lacks a highly conserved NH 2 -terminal 
cluster of glycine residues that contributes to 
the adenosine triphosphate (ATP) binding 
site (JO). Cakl has large amino acid inserts 
between conserved kinase subdomains. On 
the basis of studies of protein kinase structure 
()J, 12), we predict that these inserts are 
located in loops between conserved secondary 
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Abstract The purpose of the present study was to exam- 
ine how apamin interacts with the three cloned subtypes 
of small-conductance Ca 2+ -activated K + channels (hSKl, 
rSK2 and rSK3). Expression of the SK channel subtypes 
in Xenopus laevis oocytes resulted in large outward cur- 
rents (0.5-5 uA) after direct injection of Ca 2+ . In all 
three cases the Ca 2+ -activated K + currents could be total- 
ly inhibited by 500 nM apamin. Dose-response curves 
revealed a subtype-specific affinity for the apamin- 
induced inhibition with IC 50 values of 704 pM and 
196 nM (biphasic) for hSKl, 27 pM for rSK2 and 4 nM 
for rSK3. Consistent with these results, membranes pre- 
pared from oocytes expressing the SK channel subtypes 
bound l25 I-labelled apamin with distinct dissociation 
constants (K d values) of approx. 390 pM for hSKl, 4 pM 
for rSK2 and 1 1 pM for rSK3 . These results show that 
apamin binds to and blocks all three subtypes of cloned 
SK channels, and the distinct values for IC 50 and K d sug- 
gest that apamin may be useful for determining the ex- 
pression pattern of SK channel subtypes in native tissue. 

Keywords 125 I-apamin • Inhibition • SKI • SK2 • SK3 • 

Xenopus laevis oocytes 



Introduction 

Small-conductance, Ca 2+ -activated K + channels (SK 
channels) are characterized by a low single-channel con- 
ductance (<2() pS) and voltage-independent activation by 
Ca 2+ in the submicromolar concentration range [3]. SK 
channels have been identified in numerous excitatory 
and non-excitatory tissues, such as the central nervous 
system (CNS) [4, 10, 18, 25, 29], skeletal muscle cells 
[3], intestinal smooth muscle [2], adrenal chromaffin 
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cells [21], T-lymphocytes [5], hepatocytes [22] and epi- 
thelia [23, 33], indicating that these channels are impor- 
tant for the function of many cell types. In particular, in 
neurones, currents originating from SK channels are 
thought to be responsible for the slow afterhyperpolar- 
ization (sAHP) following an action potential [10, 18, 20, 
25, 26, 28, 34]. In many cases [20, 24, 28, 34], but not 
all [4, 19, 25, 29], the sAHP's are reportedly blocked by 
the peptidyl toxin apamin, which is an 18-amino-acid 
toxin from the venom of the honey bee [8] . 

Three highly homologous subtypes (SKI, SK2 and 
SK3) of small-conductance Ca 2+ -activated K + channels 
have been cloned [15]. The cloned SK channels show a 
high degree of homology to another recently cloned K + 
channel type, the intermediate-conductance, Ca 2+ -acti- 
vated K + channel [12, 14], but share little homology with 
other K + channel families except in part of the pore 
region [15]. Heterologously expressed SK channel 
subtypes exhibit distinct pharmacological properties. 
Tubocurarine blocks SKI channels 30-fold less effec- 
tively than SK2 [15], and it has been claimed that SKI 
channels are insensitive to apamin, whereas apamin 
blocks SK2 channels in subnanomolar concentrations 
[13, 15]. This has led to the suggestion that expression of 
the SKI subtype could be responsible for the apamin- 
insensitive, Ca 2+ -dependent sAHP's in the brain [9, 13]. 

However, recently it was shown that SKI channels 
expressed in mammalian cell lines are blocked by apa- 
min [27, 30] and it was suggested that the apamin sensi- 
tivity of SKI channels could depend on the expression 
system employed. The purpose of the present study was 
to examine the interaction of apamin with SKI, SK2 and 
SK3 channels after expression in Xenopus laevis oocytes. 
Our data show that apamin not only blocks all three sub- 
types of SK channels with different affinities, but also 
that all subtypes are receptors for 125 I-labeIled apamin 
binding after expression in Xenopus laevis oocytes. 
These findings question the suggestion that SKI chan- 
nels are responsible for the apamin- insensitive currents 
seen in native tissue. 
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Materials and methods 

Molecular biology 

To obtain robust expression in Xenopus laevis oocytes cDNA's 
coding for hSKl, rSK2 and rSK3 were subcloned into pBF, an 
oocyte expression vector which contains the 5' and 3' untranslated 
regions from the Xenopus laevis P-globin as well as a poly-A seg- 
ment. For in vitro transcription, the plasmids were linearized 
downstream of the poly-A segment and mRNA was synthesized 
from the SP6 RNA polymerase promoter using the mCAP mRNA 
capping kit (Stratagene, La Jolla, Calif., USA). mRNA's were phe- 
nol/chloroform extracted, ethanol precipitated and dissolved in 
Tris/EDTA (TE) buffer to a concentration of approximately 
0. 1 ug/ul. The integrity of the transcripts was confirmed by agarose 
gel electrophoresis, and mRNA was stored at -80°C until injec- 



n Xenopus laevis oocytes 



Female Xenopus laevis frogs were anaesthetized for 15-20 min in 
2 g/1 Tricain (3-aminobenzoic acid ethyl ester, Sigma A-5040) be- 
fore an ovarian lobe was removed from the abdominal cavity 
through a small (1 cm) insertion. Oocytes were defolliculated en- 
zymatically by incubation in 1 % collagenase (Boehringer Mann- 
heim, 1088831) and 0.1% trypsin inhibitor (Sigma T-2011) in 
Kulori medium (90 mM NaCl, 1 mM KC1, 1 mM MgCl,, 1 mM 
CaCl 2 , 5 mM HEPES-Tris, pH 7.4) for 1 h followed by five washes 
in Kulori containing 0.1% BSA (Sigma A-6003), and incubation 
for 1 h in a hypertonic phosphate buffer (100 mM K 2 HP0 4 , 
pH 6.5). Subsequently, stage V and VI oocytes were selected, 
washed five times in Kulori and kept overnight at 19°C before in- 
jection with 50 nl of mRNA (approx. 5 ng) using a Nanoject mi- 
croinjector (Drummond, USA). Injected and non-injected oocytes 
were kept in Kulori at 19°C before electrophysiological measure- 
ments or membrane preparation. 



Electrophysiology 

Currents through expressed SK channels were measured using the 
two-electrode voltage-clamp technique. Oocytes were impaled 
with a current electrode and a voltage-clamp electrode pulled from 
borosilicate glass capillaries on a vertical patch electrode puller 
(List Medical, Germany). Both electrodes had a tip resistance of 
0.8-2 Mfi when filled with 1 M KC1 and were connected to a two- 
electrode voltage-clamp amplifier (Warner, USA). The clamp volt- 
age was controlled by a custom-built voltage generator. Ramps 
were generated from -80 to 80 mV in steps of 20 mV with a dura- 
tion of I s. During the experiments, oocytes were placed in a small 
chamber (volume: 200 ul) connected to a continuous flow system 
(flow: 6 nil/min). The bath solution was a modified Kulori medi- 
um with a low CI- concentration (5 mM) containing CI- channel 
inhibitors [50 uM 4,4-diisothiocyanatostilbene 2,2-disulfonic acid 
(DIDS), 50 uM niflumic acid, 50 uM iV-phenylanthranilic acid]. 
To activate expressed SK channels, CaCl 2 (9.2 nl, 100 mM) was 
injected during the experiment using the Nanoject injector. 



Preparation of membranes from Xenopus laevis oocytes 

For membrane preparation, batches of 60-80 oocytes injected with 
SKI, SK2, SK3 or non-injected oocytes were homogenized in 
1 0% sucrose dissolved in homogenization buffer [600 mM KC1, 
5 mM 3-(/V-morpholino) propanesulfonic acid (MOPS), 100 uM 
phenyl methyl sulfonyl flouride (PMSF), 1 uM pepstatin A, 1 uM 
/j-aminobenzamide, aprotinine (1 ug/ml) and leupeptin (1 ug/ml) 
pH 6.8] in a volume of 10 ul/oocyte with 10 strokes at 1000 rpm 
in a glass/Teflon homogenizer (Braun-Melsungen) at 0°C. The ho- 
mogenate was placed on top of a step gradient consisting of 7 ml 
50% sucrose and 3.5 ml 20% sucrose in homogenization buffer 



and centrifuged at 67,000 g for 30 min at 4°C in a Beckman SW 
40 rotor. The interface (between 20% and 50% sucrose) was col- 
lected and subjected to centrifugation at 84,000 g for 30 min at 
4°C in a Beckman Ti 70.1 rotor. The supernatant was discarded, 
and the pellet resuspended in 200 ul 300 mM sucrose. 100 mM 
KC1, 5 mM MOPS pH 6.8 and stored at - 80°C until use 



Binding assay 

Binding of l25 l-labelled apamin was measured essentially as previ- 
ously described [6, 16]. In short, the incubation with the ligand 
was carried out in 0.5 ml medium (10 mM KC1, 10 mM NaCl, 
20 mM Tris-HCl, 0.1% BSA pH 8.4) in polystyrene tubes. Non- 
specific binding was defined in the presence of 500 nM apamin, 
and incubation was carried out at 4°C for 1-3 h. Toxin was always 
added directly to the incubation medium to avoid adsorption phe- 
nomena. The protein concentration of the vesicles was between 
0.6 and 50 ug/ml. At the end of the incubation, the samples were 
rapidly filtered through Toyo Advantec GC 50 glass fibre filters 
[presoaked for >60 min in 0.3% (w/v) polyethylenimine] on Milli- 
pore 1002530 filter apparatus, followed by two washes with ice- 
cold buffer consisting of 150 mM NaCl, 20 mM Tris-HCl pH 7.4 
(3 ml per wash). In each experiment, double or triplicate assays 
were routinely performed and the data averaged. 



Dose-response studies 

The results were subject to either a one-site competition analysis 
using the equation: 

Y-, W*l 

r ~'~ ic 50 +m 

where ) -relative current in %, ^logarithm of apamin c_ 
tion, / max =maximal current in the absent of apamin, 1C 50 
apamin concentration required for half-maximal current inhibition, 
or a two-site competition analysis using the equation: 

y - 1 -ic 5om+ [X]-\c 5i)+ [x] 

Binding studies 

The results from saturation binding experiments were subject to a 
Michaelis-Menten analysis where the equilibrium dissociation 
constant (K d ) and the maximal receptor concentration (S max ) were 
determined using the one-site binding equation: 
v _ B max [X] 
K A +[X] 

where y=receptor concentration, X=logarithm of radioligand con- 
centration, S max =maximal binding and K 6 is the concentration of 
radioligand required to reach half-maximal binding. 

The data from saturation experiments were transformed into 
Scatchard plots, and the 5 max and A: d values determined from this 
linear regression were approximately identical to the values deter- 
mined from the one-site binding equation. 



Expression of small-conductance Ca 2+ - activated 
K + channels in Xenopus laevis oocytes 

To activate expressed SK channels, CaCl 2 was injected 
directly into the oocytes with the membrane potential 
clamped at 5 mV. In oocytes injected with mRNA coding 
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Fig. IA, B Expression of SK 
channels in Xenopus laevis 
oocytes. A The result of two- 
electrode voltage-clamp mea- 
surements from oocytes in- 
jected with mRNA coding for 
hSK I, rSK2 and rSK3 or non- 
injected oocytes (control). At 
time 0, 9.2 nl of 1 00 mM CaCl 2 
was injected directly into the 
oocytes resulting in an estimat- 
ed increase in total intracellular 
Ca 2+ of 0.9 mM. After the ex- 
pressed SK channels had been 
activated 500 nM apamin was 
added to the bath {arrow). The 
membrane potential was 
clamped at 5 mV and the traces 
show the measured whole-cell 
current as a function of time. 
B The corresponding cur- 
rent-voltage relationship for 
oocytes expressing hSKl, rSK2 
and rSK3 before (□) and after 
(•) CaCl 2 injection. The figure 
shows one typical experiment 
for each channel subtype out of 
a total of more that 50 experi- 
ments 



1 ,0 



Time (s) 



for hSKl , rSK2 or rSK3, the Ca 2+ injection resulted after 
a short delay in a large outward current, typically in the 
range of from 0.5 to 5 uA (Fig. 1A). The delay between 
the Ca 2+ injection and the onset of the outward current 
varied from oocyte to oocyte, and was not related to the 
SK channel subtype expressed. This delay might reflect 
the intracellular diffusion rate for Ca 2+ , and the variabil- 
ity could be due to the position of the injection pipette in 
the oocyte cytoplasm. The Ca 2+ -induced currents were 
stable for at least 5 min (data not shown), and could for 
all three channel types be totally inhibited by 500 nM 
apamin applied to the outside of the oocytes (Fig. 1 A). 

Figure IB shows the whole cell current-voltage {I-V) 
relationship for SK-expressing oocytes in experiments 
similar to those shown in Fig. 1A. Before Ca 2+ injection, 
the \V curves were not different from those of non- 
injected oocytes (data not shown), confirming that SK 
channels expressed in oocytes are not active at resting 
levels of intracellular Ca 2+ . Injection of Ca 2+ resulted in 
an inwardly rectifying current with a reversal potential 
of approx. -60 to -70 mV, which is close to the calcu- 
lated reversal potential for K + , and thus consistent with 
the opening of SK channels. 

In initial experiments, where 95 mM Ch was present 
in the external medium and Cl~ channel blockers were 
absent, the injection of Ca 2+ activated endogenous Cl~ 
channels in addition to the expressed SK channels. To 
eliminate this problem, all experiments were done in the 
presence of CI channel inhibitors and in a medium with 
a low CI concentration (5 mM). Under these conditions 
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Voltage (mV) 



neither the injection of Ca 2+ nor the addition of apamin 
had any effect on the current measured at a membrane 
potential of 5 mV in control oocytes (data not shown), 
indicating that the Ca 2+ -induced currents in RNA- 
injected oocytes are solely mediated by expressed SK 
channels. In contrast to the in-side-out patch-clamp 
method, which does not allow direct addition of apamin 
to the extracellular side, or right-side-out patch-clamp 
measurements, which have recently been reported as un- 
suitable for studying the effect of apamin [13], the 
whole-cell two-electrode voltage-clamp method as pre- 
sented here constitutes a convenient system for studying 
the effect of extracellular apamin. 



Sensitivity of SK channels to apamin 

The effect of exposure to increasing concentrations of 
apamin was examined in oocytes expressing SK chan- 
nels. It is evident that the sensitivity to apamin and the 
fit of the dose-response curves differ significantly be- 
tween the three subtypes of SK channels (Fig. 2). For 
rSK2 and rSK3, the dose-response curves could be fitted 
to a one-site competition equation with IC 50 values of 
27±4 pM and 4±1 nM, respectively. For hSKl, however, 
the best fit was obtained using a two-site competition 
equation, resulting in two apparent IC 50 's for apamin in- 
hibition, one with a relatively high affinity (IC 50 =704± 
27 pM) and another with an approx. 250-fold lower 
affinity (IC 50 =196±69 nM). 
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Fig. 2A-C Concentration-dependent inhibition of SK currents by 
apamin. Xenopus laevis oocytes expressing hSKl, rSK2 and rSK3 
channels were voltage-clamped at a holding potential of 5 mV and 
the SK. channels were activated by direct injection of CaCl 2 as 
shown in Fig. 1 before exposure to increasing concentrations of 
apamin from the outside (bath). At each concentration of apamin 
the whole-cell current was allowed to stabilize (approx. 30 s), be- 
fore the degree of inhibition was measured. The figure shows the 
current at the indicated concentrations of apamin as a percentage 
of control current (no addition) for oocytes expressing hSKl (A), 
rSK2 (B) and rSK3 (C) channels. Each curve shows the results 
(±SE) of four independent experiments. For rSK.2 and rSK.3 chan- 
nels the data points were best fitted to a sigmoidal dose-response 
curve, whereas data points for hSKl were best fitted to a two-site 
competition equation (regression coefficients are >0.98) 



A 




Fig. 3 Binding of l25 I-labelled apamin to plasma membranes from 
Xenopus laevis oocytes. Plasma membranes from oocytes express- 
ing rSK2 [3.0 ug (A), 1.2 ug (B) and 0.6 ug (C)] and plasma mem- 
branes from non-injected oocytes (20 ug, D) were incubated for 
1 h at 4°C with 5 pM of l25 I-labelled apamin in the absence (open 
bars) or presence (closed bars) of excess amounts of unlabelled 
apamin (500 nM). Binding was determined as described in Materi- 
als and methods. The results are given as mean of measurements 
in duplicate 



Binding of 125 I-labelled apamin to cloned SK channels 

Apamin can be radiolabeled with ,25 I with practically 
full preservation of its biological activity [11], and 
125 l-labelled apamin has been used in a large number of 
studies to detect apamin binding proteins (for review, see 
[7, 1 1]). However, it is not clear whether apamin binds to 
all SK channel subtypes and, in particular, the affinity 
with which 125 I-labelled apamin binds to the individual 
subtypes is not known. 

To clarify this matter, membranes were prepared from 
batches of oocytes expressing each of the SK channel 
subtypes as well as from non-injected oocytes. Figure 3 
shows an initial experiment, measuring 125 I-labelled apa- 
min binding to different amounts of membranes prepared 
from oocytes expressing rSK2 and to membranes from 
non-injected oocytes. For the membranes from SK2- 
expressing oocytes, the specific binding constitutes ap- 
prox. 80% of the total binding, and depends strictly on 
the amount of membranes. The membranes prepared 
from the non-injected oocytes show no specific binding 
of 125 I-labelled apamin, demonstrating that the oocytes 
do not express an endogenous apamin receptor. 

When membranes prepared from oocytes expressing 
each of the three SK channel subtypes were incubated 
with increasing concentrations of 125 I-labelled apamin, 
from 10 times below to approx. 10 times above the K d 
value, the toxin associated in a concentration-dependent 
manner. The specific binding, determined as the differ- 
ence between the total binding and the non-specific bind- 
ing, was for all three membrane preparations a saturable 
function of the l25 I-labelled apamin concentration 
(Fig. 4). Transformation of the data into Scatchard plots 
resulted in straight lines, suggesting that 125 I-labelled 
apamin interacts with a single class of receptor sites in 
each of the membrane fractions. The apparent K d values 
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Table 1 Calculated IC 50 and K A values for apamin's interaction 
with cloned SK channel subtypes 
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Fig. 4A-C Saturation of IJ5 I-labelled apamin binding to SK chan- 
nel subtypes. Plasma membrane vesicles from oocytes expressing 
hSKl (A, 50 ug protein/sample), rSK2 (B, 0.5 ug protein/sample) 
and rSK3 (C, 10 ug protein/sample) were incubated with the indi- 
cated amounts of l25 I-labelled apamin at 4°C for 3 h to reach equi- 
librium before specific binding was determined as described in 
Materials and methods. Data points are the mean of duplicates or 
triplicates. The insets show the Scatchard analysis by linear trans- 
formation of the respective data points. The calculated equilibrium 
dissociation constants (KJ) are given in Table l 



SK channel 
subtype 


ICjo(D 


IC 50 (2) 




hSKl 
rSK2 
rSK3 


704±27 pM 
27±4 pM 
4±l nM 


196±69 nM 


390±l20pM 
4±l pM 
ll±l pM 



for l25 I-labelled apamin binding to hSKl, rSK2 and 
rSK3 were 390 pM, 4 pM and 11 pM, respectively. K A 
values calculated from the curve fit (one-site binding 
equation) did not differ from the K d values obtained 
from the Scatchard transformation. To avoid using very 
large amounts of radioactivity, the saturation curves for 
SKI, which has a relatively low affinity for apamin, was 
not continued to complete saturation. However, we 
believe that the presented data are sufficient to give a 
reasonable estimation of the K d value for 125 I-labelled 
apamin binding to SKI . 



Discussion 

The present study shows that apamin inhibits and binds 
to hSKl, rSK2 and rSK3 channels with distinct values of 
half maximal inhibition (1C 50 ) and dissociation constant 
(Kj). The significant differences between the apparent 
affinity for inhibition and binding for each channel sub- 
type can be ascribed to differences in experimental con- 
ditions, since it is well known that high cation concentra- 
tions and possibly temperature change the binding ability 
of apamin [11, 23]. In contrast, it is not clear why apa- 
min seems to inhibit two components of the current 
through hSKl, while l25 I-labelled apamin apparently in- 
teracts with only one binding site (Table 1). One possi- 
bility is that, at low concentrations, apamin partially 
blocks the hSKl channels, and is only able to completely 
block the channel at high concentrations. This may be 
clarified in single-channel studies of apamin's interac- 
tion with hSKl. 

The IC 50 values found in the present study for apa- 
min-induced inhibition of rSK2 and rSK3 are close to 
the values (rSK2: 62 pM and rSK3: 2 nM) reported re- 
cently by Kohler et al. [15] and Ishii et al. [13], but in 
the same studies it was claimed that hSKl is apamin- 
insensitive [13, 15]. This statement was based on experi- 
ments using apamin at a concentration of 100 nM, and 
might therefore reflect the use of apamin at too low a 
concentration. In an elegant series of experiments, Ishii 
et al. [13] pinpointed two amino acids in rSK2, Asp-330 
and Asn-357, which determine the apamin sensitivity. 
One of these amino acids is present in rSK3, and none in 
hSKl. If one of the determinants was introduced in 
hSKl, it acquired an apamin sensitivity comparable to 
that of rSK3, and if both were introduced in hSKl, the 
mutant showed an apamin sensitivity similar to that of 
rSK2. Taking the present data into account, it must be 



concluded that two amino acids are not obligatory for 
apamin's ability to block, but rather that the absence of 
both amino acids gives a low apamin sensitivity, the 
presence of one results in intermediate apamin sensitiv- 
ity, whereas the presence of both is required for high 
apamin sensitivity, as found for SK2 channels. 

Recently, it was shown that, after expression in mam- 
malian cells, SKI channels are inhibited by apamin with 
JC 50 values of 3.3-8 nM in HEK 293 cells [27, 30] and 
12 nM in COS cells [27]). At first glance, there seems to 
be some inconsistency between the sensitivity of SKI 
channels expressed in oocytes (this study) as compared 
to those expressed in mammalian cells. However, if the 
IC 50 for apamin-induced inhibition of SKI channels is 
read directly from Fig. 2A, disregarding the apparent 
two-site interaction, a value of 30 nM is obtained. This is 
not drastically different from the values obtained in stud- 
ies of mammalian cells. 

The question of the kinetics of inhibition remains. In 
mammalian cells, it is claimed that apamin interacts with 
only one binding site [27, 30], whereas in oocytes the 
data fit a two-site competition model (cf. Fig. 2A). How- 
ever, if the data obtained from HEK 293 cells in the 
study of Shay and Haylett [27] are closely inspected, it 
seems that in this expression system the apamin inhibi- 
tion curve may also fit a two-site competition model, 
whereas this seems not to be the case in the study of 
Stroebaek et al. [30]. Thus, the kinetics of apamin- 
induced inhibition of SKI channels remain to be clari- 
fied, and in particular whether they depend on the 
expression system used. 

Based on their observations as discussed above, Ishii 
et al. [13] suggest that the apparent apamin-insensitive 
SK currents observed in certain parts of the rat brain are 
due to the expression of SKI channels. This is apparently 
supported by in situ hybridization showing the expres- 
sion of SKI channels in the CA2 region of the hippo- 
campus [15]. The question arises, however, as to whether 
the apparent apamin-insensitive currents are in fact in- 
sensitive to apamin or just reflect the fact that relatively 
low concentrations of apamin have been applied. In hip- 
pocampal pyramidal slices [29], cultured hippocampal 
cells [19], vagal motorneurones [25] and adrenal chro- 
maffin cells [21], apamin-insensitive currents are defined 
as currents that are not inhibited by 200 nM apamin or 
less. Therefore, these currents could be mediated by in- 
completely blocked SKI channels. However, in slices 
from the lateral septum [4], pituitary gonadotrophs [31] 
and pancreatic beta-cells [I], SK-like currents are appar- 
ently not sensitive to apamin at a concentration of 1 uM, 
suggesting the presence of another SK-like channel with 
an as yet unclarified molecular identity. 

In native tissues, such as brain, rat synaptosomes, in- 
testinal smooth muscle, rat myotubes, rabbit and guinea- 
pig liver, l25 I-Iabelled apamin has been shown to bind 
with K d values ranging from 2 pM to 30 pM (for re- 
views, see [7, 32]). When compared with Table 1, these 
results seem to reflect the fact that mainly SK2 and SK3 
subtypes are expressed. Since the in situ hybridization 



studies mentioned above clarify that SKI channels are 
expressed in the brain, it is not clear why the correspond- 
ing lower affinity binding site for l25 I-labelled apamin 
was not detected. In contrast, in rat liver 125 I-labelled 
apamin binds with a K d of 50 nM [17] and in rat intesti- 
nal mucosa binding sites with K A values between 0.5 and 
1.1 nM have been detected [23]. This could reflect the 
expression of SKI channels. 

In conclusion, we have shown that apamin interacts 
with the three cloned SK subunits with distinct parame- 
ters, and apamin may therefore be a useful tool for deter- 
mining the expression of each subunit in native tissues 
provided that sufficient concentrations are applied. 
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